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SUMMARY 
This thesis describes the results of an investigation of some of 
the properties of the plasma membrane and associated filaments in 
plasmodia of the acellular slime mould, Physarwn polycephalum. 
1. Only limited information regarding the plasma membrane can 
be gained from studies on intact cells. An attempt was made, therefore, 
to isolate a fraction from microplasmodia of Physarum, which is enriched 
1n plasma membrane and free from contamination by other organelles. 
The cell surface was identified by labelling with radioactive iodide 
using lactoperoxidase-catalyzed-iodination. After differential 
centrifugation of homogenized microplasmodia, about 70% of the 
incorporated radioactivity was distributed between a 3000g pellet and a 
27000g pellet. These pellets were combined and applied to a continuous 
sucrose density gradient. After centrifugation at 70000g for 3h, 
about 40% of the loaded protein and 70% of the label were recovered 
from a pellet. There was about a 5-fold enrichment of 1251 specific 
activity in the pellet in comparison with the specific activity in the 
homogenate. Alkaline phosphatase activity was also enriched (by about 
7-fold) in the pellet. It is thought that pellet formation is caused 
by coaggregation of plasma membrane, membranes of organelles and 
other components of the microplasmodial homogenate . Complex networks 
of filaments, some resembling slime and some resembling actin, may play 
a role in the coaggregation. Attempts to overcome coaggregation and 
purify the plasma membrane away from contaminants were unsuccessful . 
2. Because of difficulties experienced in attempts to isolate a 
fraction enriched in plasma membrane from Physarwn, an ultrastructural 
examination of plasma membrane biogenesis around naked protoplasm was 
undertaken. Spherules of protoplasm from pierced veins of agar-grown 
surface cultur s of Phy arwn were transferred to agar-coated slides for 
(vi) 
varying times, fixed, and examined electron microscopically. Initially, 
the organization of the components of the protoplasm resembled that 
seen in the protoplasm of mature plasmodia. However, there was no intact 
plasma membrane present. 
appeared to have formed. 
Within about 2min, a 11 new 11 surface membrane 
It is thought that the development of this 
membrane involves the assembly and fusion of preexisting internalized 
membrane components. A possible role for the cytoplasmic contractile 
proteins in this process is suggested. 
3. Associations between membranes and filaments in plasmodia of 
Physarwn were also studied. Using phase contrast microscopy and 
scanning electron microscopy, fibrils about 100 - 200nm in diameter and 
often extending for several hundred µm were seen closely associated with 
the membranes of organelles. Negative staining of the fibrils revealed 
that they were composed of bundles of thin filaments about 7nm in 
diameter and aligned in parallel. It is proposed that the filaments 
consist of actin. Roles for the fibrils in saltatory movement of 
organelles and in forming · cytoskeletal structures within the plasmodium 
are discussed. 
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GENERAL INTRODUCTION 
/\ND LITERATURE REVIEW 
1.1 Introduction 
A distinctive feature of all living cells is that they are 
separated from the external environment by a differentially permeable 
plasma membrane. As well as this fundamental role as a barrier, the 
plasma membrane is intimately involved in maintaining the internal 
milieu of the cell and in providing a means of communication between 
cells and the environment . Many processes appear to involve cell 
surface membranes in sensory and regulatory roles, e .g. the action of 
hormones, replication of DNA (at least in prokaryotes), cell motility, 
and surface phenomena involved in cell spacing, sorting and recognition. 
In this thesis, an investigation focussed on the plasma membrane 
* of the acellular slime mould, Physarwn polycephalwn Schweinitz , is 
described. These studies were initiated with the view of gaining a 
better understanding of such processes as plasma membrane fusion and 
biogenesis, and the involvement of the plasma membrane in cell motility 
phenomena. 
In order to understand the experimental data which follows, some 
background .information •is necessary. Therefore, in this chapter some 
general properties of the plasma membrane are discussed. In addition, 
a brief review of the biology of Physarwn and its relevance to the 
study of fu ndamental biological phenomena is presented . 
* In the remainder of this thesis Physarwn polycephalwn Schweinitz 
will be referred to as Phy arwn . 
2. 
1. 2 Th e Plasm;:i Membr:inc - General Charc1cterjstics 
1.2.1 Membrane Structure 
Because of their diversity of function, it would be unreasonable 
to expect a single structure to describe a ll membranes adequately. 
However, some generalizations can be made and many models of membrane 
structure have been proposed (reviewed by Finean, 1972). The fluid 
mosaic model is currently the most widely accepted model describing the 
molecular organi za tion of membranes (Singer and Nicolson, 1972). This 
model proposes that a biological membrane is composed of randomly 
distributed, amphipathic protein molecules inserted into a mobile, 
two-dimensional phospholipid bilayer. Individua l phospholipid 
molecul es are asymmetrically distributed between the two layers and 
are capable of r apid l atera l diffusion in the plane of their own 
monol ayer . Neighbour exchange of phospholipid mol ecules across the 
bilayer, known as "flip-flop" may also occur, albeit rarely (Bergelson 
and Barsukov, 1977). Although the phospholipids play an important role 
in membrane function, the protein components are thought to be 
responsible for most of the more specific functions (Singer, 1974). 
The essential feature of the model is its "mosaic" character 
which allows membrane components to be organized independently of one 
another, and not necessarily to exist in rigidly fixed positions. 
This offers considerable advantages in that rapid changes of conformation 
and distribution of the membrane components are possible in response 
to alterations in environmental conditions. Fluidity is particularly 
important in facilitating membrane fusion and cell locomotion (these 
topic s will be discussed in more detail in sections 1,4 and 1.5 
r spectively). The fluid mos aic model therefore, provides for the 
appar nt paradox of organization on one hand and dynamic mobility on 
the other. 
3 . 
1 . 2 . 2 Plasma Membrane Biogenesis 
Because of the complexity of membrane s , nuny or the mcch (111is111s 
propo s ed to clescrilic t heir lr iogencsis :ire specu] a ti.vc . Ind eccl , 
as outlined in a recent review (Morre, 1975), this topic is on e of 
the most controversial areas of membrane biology . The majority of 
s tu~ies have been directed to the question of whether a membrane is 
synthesi zed by a single or multi - step process . In a single step 
process newly synthesized components are independently intercalated into 
the pre-existing plasma membrane . The alternative involves the 
synthesis of new membrane domains and their subsequent intercalation 
into the plasma.membrane. 
In general, different membrane lipids and proteins turn over at 
different but generally slow rates. Some membrane proteins, for 
example, have half lives of from two to four days (Si ekevitz, 1972). 
Moreover, evidence from the study of bacterial mutants defective in 
the synthesis of certain proteins or lipids suggests that proteins 
can be inserted into the bacterial membrane without concomitant synthesis 
and insertion of new membrane lipid components (Fox, 1972). Similar 
observations with mouse liver cells indicated that lipids are insert ed 
into plasma membranes of eukaryotic cells independently of newly 
sytnesizecl protein components . 
Although evidence is larg ly indirect, a multi-step sequential 
mechnn ism s·i.milar to that estabb shed for the secretory proteins is 
though to be involved in the biogenesis of plasma membranes of 
eukaryotic cells . The major sites of synthesis of individual components 
appear to be the endoplasmic reticulum and the Golgi apparatus (Morre, 
1975) . Pollowing the synt hesis of a basic membrane of lipid and 
structural protein, additional components such as enzymes and 
c.irhohydr,1tes .ire nclclecl sequ ::- nti n l ly. Ne1~ly synthesized membrnne 
do111,1in s :ire suhsujt1ent l y inserted in to the pl:1sm:1 mcmhr:1ne hy f"usion 
4. 
(Bennett e t al., 1974). Ilowcver, the precise nature of the mechanisms 
involve<l i.n the biogenesis of plu sma membranes, remains uncertain. 
This topic will be dealt with in more detail in Chapter 3. 
1.3 Physarwn as an Experimental Organism 
In order to examine complex biochemical interactions in higher 
eukaryotes, model organisms from among the lower eukaryotes or 
prokaryotes have often proven to be of considerable use. The importance 
of the acellular slime moulds as model cellular systems for the study 
of fundamental biological processes is well recognized. Physarwn, in 
particular, has been the subject of intensive investigation. This is 
because of the case with which it can be cultured in the laboratory 
and because it passes rapidly and consistently through a complex life 
cycle involving a number of differentiated cell typ es which are 
amenable to biochemical analysis. A number of nutritional and 
physiological markers have been examined genetically, and genetic 
analysis will become increasingly important as an adjunct to biochemical 
and physiological studies. Recently, several reviews have been 
published summarizing the utility of Physarwn as a model organism in 
many biological studies (Huttermann, 1973a; Dee, 1975). 
1.3.1 General Characteristics and Laboratory Culture 
Physarwn is characterized by a distinctive vegetative phase, the 
plasmodium, and a propagative phase consisting of a mass of spores 
carried in stalked cases. The organism is widely distributed, being 
particularly abundant in forested areas where . it may be found on dead 
and decaying wood and plant matter, or in the soil. Characteristically, 
plasmodia are holo zoic , phagocytosing bacteria, fungi and particles of 
non-living matter. Nutrient s can also be absorbed by pinocytosis. 
In the laboratory, plasmodia can be cultured readily on simple, 
Fig . 1 . 1 - Phase contrast micrograph of microplasmodia grown in liquid 
MCM as described in section 2 . 2 . 1 . x 100 . 
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defined media either as surface cultures or as submerged s hake culture 
with doubling times of 12-30 hours (Daniel and Baldwin, 1964 ; Carlile, 
J 971) . The latter, in which the plasmodia fragment to form small 
mjcroplasmodja, is useful when large quantities of material arc 
required (Fig . 1.1) . Surface cultures are formed by pjpctting 
microplasmodia onto the surface of agar medium or onto filter paper 
sJturatcd with l ·iquid grO\vth medium . Fusion of individual microplasmodia 
takes place within a few hours . This results in a single macroplasmoJium 
containing a continuous cytoplasm in which nuclei divide synchronously. 
Surface cultures are therefore preferred for studies on the 
ce ll cycle and differentiation . 
Recently , defined media for the culture of the amoeboid stage of 
the life cycle have been described (Goodman , 1972; McCulloug:1 and Dee, 
1976) and tl1e biochemistry and genetics of the entire life cycle can now 
be studied in the laboratory under control l ed conditions . 
l . 3 . 2 Life Cycle 
The main feat ures of the li fe cycle of Plzy arwn are outljned in 
1:j g . ] . .:! • Multi11uclcatc, vcgetatjve plasmoJia grow Kith a doubling 
time of abou t 10 hours on rich, undefined medium . When nutrient 
exhnu st i on occurs , stnrvnt ion rcsu 1 ts :111d 01H' or 11vo cou rsc s or 
t!iff'c r 11 t i :1tio11 fo 1lo1vs : 
(i) In till' :1li sc11cc 01· li ght :111< ! mo i sturc , sc1 rv l'l! pl:hrnPt!i:1 
h:1rdcn to rorm horny dipl oid sclcrotin. When propcrl )' 
stored, s cl erot i .i r c111ni11 vi:1ble for one t o three yc,1rs 
and, wh en feturncd to growt h medium, develop in to 
typic a l plasmodin. 
( i j ) I 11 the pr CS C 11 Ce Of ] j g ht , St ,ir VU t i O 11 l e ,l <l S t 0 
sporulation in 1vhj ch numerous uninucl eatc spor2s an' 
producc<l meiot icnll y within stalked sporan;ia. On 
11/\P LOP! 1/\SE DISSEMIN/\TION 
-
-- microcyst ~ myxamoebae ~~=======+• swarm cells 
-
--
--
-DIPLOPIIASE 
-- SYNG/\MY 
-
-\ -
sporangia 
sclerotia 
SPORULATION 
l j 
plasmodium 
zygotes - -
PL/\SMODIAL 
INITIATION 
Fig. 1. 2 Schematic Representation .. of the Life Cycle of Phy sarum 
(from Carlile (1971); Huttermann (1973a)). 
maturation these resistant haploid spores are 
released and disseminated. 
When growth conditions are favourable, spores germinate. The 
resulting cells are either uninucleate, flagellated, amoeboid swarm 
cells, or, if insufficient moisture is available, unflagellated amoebae 
(myxamoebae) with pseudopodia and contractile vacuoles. Both forms are 
interconvertlble and can form dormant microcysts when the food supply 
is exhausted. Transfer to fresh growth medium reverses this process 
and haploid amoebae regenerate. Once a critical concentration of 
these cells is reached, they fuse forming small plasmodia which move 
arou nd i ngesting encysted amoebae. 
In general, plasmodium formation is heterothallic, i . e. two amoebae 
7. 
of dj fferent mnt-i ng type undergo eel 1 and nuclenr fusj on to form n 
diploid zygote (Dee, 1960). Several mating types are known in 
Physarwn, and these are determined by multiple alleles at a single 
mating type locus (mt) . Fusion of amoebae of different mating types 
appears to be essential for further development. However, amoebae 
carrying the mth a llele are capable of forming plasmodia within single 
clones (Wheals, 1970). The most thoroughly studied example of this 
kind is the Colonia strain of Physarwn . When first discovered, this 
strain was thought to be homothallic (Wheals, 1970) . Recent genetic 
studies however, show that this is not the case and it is now believed 
that plasmodia develop by apogamy, i.e. development of multinucleate, 
haploid plasmodia by repeated nuclear divisions in the absence of 
nuclear fusion (J\nJerson et al .,1976). 
The transition from amoebae to plasmodium involves gross 
morphological and biochemical changes. These are presumably 
accompanied by alterations · in the surface properties of the plasma 
membrane because newly formed plasmodia can discriminate between other 
plasmodia with which they coalesce (with the exceptions described in 
section 1.4.3) and amoebae, which they phagocytose. However, no 
information is avai l able concerning alterations to the plasma membrane 
at this stage of the life cycle . 
1. 3. 3 The use of Plasmodia of Physarwn in the Study of Fundamental 
Biological Phenomena 
Physarwn has been used extensively for investigations of such 
fundamental phenomena as the cell cycle (Schiebel, 1973) cell 
.. 
differentiation (Chet, 1973; Hutt rmann, 1973b), and cell motility 
(Gray and Alexopoulos, 1968). Mo st attention has been directed towards 
the plasmodial stage of the life cycle. The plasmodium (frontispiece) 
which is a syncitium surrounded only by a plasma membrane and thin 
8. 
slime sheath comrosecl of sulphated g~1lactoprotei11s (McCormick et al ., 
1970) c;.in grow up to several centimetres in diameter. It is br j ght 
yellow in colour although this is affected by pH, light, temperature, 
age of culture, and very commonly by the material ingested. A 
prominent network of veins circulates through the plasmodium and 
terminates in a fan-shaped sheet of protoplasm with a definite margin. 
The vigorous protoplasmic streaming within the veins provides a means 
of mixing the protoplasm as well as playing a part in the organism's 
motility (see section 1.5). 
1.4 The use of Physa.rwn for Studies of Membrane Fusion 
1.4.1 Membrane Fusion - General Mechanisms 
The formation of an heterotha llic plasmodium usually involves the 
sexual fusion of amoebae although exceptions exist as mentioned earlier 
(section 1. 3. 2) . Plasmodia so formed may also fuse with one another. 
The initial step in both of these cell fusion reactions is the fusion 
of the plasma membranes of opposed cells. 
The phenomenon of membrane fusion is widespread among eukaryotic 
cells without cell walls, and is an important event in a number of 
aspects of cell growth and differentiation. Such cellular processes 
as endocytosis, exocytosis, intercellular interactions, and cytotoxic 
responses to infection with certain viruses all involve plasma membrane 
fusion reactions. Despite the importance of membrane fusion in such 
a diversity of cellular activities, little is known of the mechaniims by 
which membr;rnes fuse, or of the factors tha t may influence the fusion 
process. llowever, models have be n proposed to explain the data 
obtained from experiments dealing with membrane fusion (Poste and 
Allison, 1973). Two of these are summarized diagrammatically in 
Pig5 . 1. 3a and 1. 3b . 
Membrane contact is the first step in the fusion process. Therefore, 
a 
phospholipi d 
Fig. 1.3 - Diagrammatic representation of models proposed to explain 
membrane fusion (see t ext for explanations). 
(a]' Membrane fusion brought about by protein-protein i nteractions 
between opposing membranes (Poste and Allison, 1973) . 
(b) Membrane fusion brought about by fusion of protein-depleted 
areas i n opposi ng membranes (Ahkong et aZ . , 19 75a) . 
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the attractive forces between opposing membranes (largely van der 
Waals) must overcome the repulsive energy barriers which are largely 
electrostatic in nature. Once molecular contact between membranes 
is achieved the actual fusion reaction can take place. Numerous 
studies of a variety of processes involving membrane fusion indicate 
that the fusion reaction is dependent on millimolar concentrations 
f C 2+ . o a ions (Poste and Allison, 1973). Higher concentrations of 
C 2+ . h.b. f . a in i it usion. 2+ ATP and· Mg also cause inhibition. In order 
to explain these findings, Poste and Allison (1973) proposed that the 
displacement of Ca2+ and ATP from the membrane is a .prerequisite for 
membrane fusion. It was also suggested that this displacement causes 
an increase in the disorder (or fluidity) of the membrane, because both 
2+ Ca and ATP are well known for their stabilizing effects on membranes 
(Chau-Wong and Seeman, 1971). Associated with the increased disorder 
of the membranes is a concomitant increase in their susceptibility 
to fuse . These proposals are supported by experiments with local 
anaest hetics which increase the dissociation of Ca2+ from membranes by 
competing wi:th Ca 2+ for the same binding sites (Papahadj opoulos, 1972). 
In the presence of these agents membrane fusion is inhibited. 
2+ 
An alternative hypothesis to account for the effects of Ca on 
membrane fusion was proposed by Ahkong et al. , (1975b). Because the 
in vitro fusion of hen erythrocytes is promoted by the ionophores 
A23187 and XS37A it was proposed that membrane fusion is mediated by 
. 2+ 
an increased concentration of cytoplasmic Ca It was proposed that 
2+ Ca int racts in some way with the cytoplasmic side of the plasma 
membrane following the increase in membrane permeability brought about 
by the action of the ionophorc . This interaction could lead to the 
aggregation of integral membrane proteins. Thus, a concomitant increase 
in the di sorder of the membrane would result. 
Both models discussed above propose that membrane fusion occurs only 
ll . 
after there is an increase in membrane fluidity. Poste and Allison 
(1973) proposed that fusion is brought about by the establishment of 
stable linkages between protein molecules in opposed membranes (Fig. 1.3a). 
However, Ahkong et al. (1975a) proposed that the interaction and 
mixing of closely opposed lipid-rich regions denuded of proteins was the 
essential reaction of the fusion process (Fig. 1.3b). Freeze fracture 
techniques demonstrate the aggregation of intramembrane particles and 
the concomitant formation of lipid-rich regions (Schudt et al.,1976) . 
However,it is difficult to favour either one or the other of the above 
hypotheses for membrane fusion using evidence solely from freeze 
fracture. Membrane fusion reactions are highly specific, i.e. only 
certain cells are capable of fusing with one another and only certain 
regions of the plasma membrane may be involved in the initiation of 
the fusion process. Because of the fluid nature of membranes, rapid 
reconstruction is possible. Once the membranes have fused they regain 
2+ their former fluidity and Ca and ATP are reinserted at their original 
binding sites . 
Direct experimental study of membrane fusion has been hindered by 
the lack of suitable systems in which the events occurring in the 
membranes can be studied at the molecular level. Poste and Allison 
(1973) outline the various systems employed in such studies to date 
and the limitations inherent in each system. The large size of 
plasmoclia of Physarwn and the dramatic nature of plasmodial fusion 
reactions which occur in this organism mak e it suitable for studies of 
membrane fusion. 
l. 4. 2 Plasmo<lj.Jl Fusion and the Induction of Mitotic Synchrony 
When two plasmodia of the same strain come into contact they coalesce 
to form a single plasmodium. Thorough mixing of the protoplasm of the 
two plasmodia occurs rapidly because of the organisms ' vigorous 
] 2. 
protoplasmjc streaming. Fusion also results in synchronization of 
nuclear division . This is seen as a delay in the mitosis of nuclei 
Jbout to divide and accelerated mitosis of nuclei that have recently 
undergone divJsion . Various mechanisms have been proposed to explain 
how mitosis is synchronJzcd in Phu m w n, m:1jnly b:1sed on the existence 
of n cytoplasmic factor which is, as yet, undiscovered (Sudbery and 
Grant, 1975; 1976). However, the exact mechanism is uncharacterized. 
Because the first stage in the coalescence of plasmodia involves 
the fusion of their plasma membranes, the surface membrane may play a 
role in the induction of mitotic synchrony. An overwhelming amount of 
data has accumulated during recent years implicating the cell surfaces 
of cultured mammalian cells (Pardee, 1971; Pasternak, 1976), 
invertebrate cells, and egg cells (de Terra, 1975), as important sit0~ 
for the control of cell growth and division. In the field of cancer 
biology, tl1c tumour cell surface has long been recognized as critica 
for the control of cell multiplication , escape from immunological 
surveil l:111ce, and meta ta sis to secondary site· . 
A link between the eel] surface ~nd nucleus is most obviously 
expressed during mitosis . Tissue culture cells for example, take on a 
surface morphology distinct from non-dividing cells . The most 
obvious morphological change is a gradual incre:1se in th number of 
mjcrovilli on the surface during interphase until a maximum is reached 
:1t mitosis (Porter t' f a l., 1~)73) . This m:1y be :1cL·omp:111ied by 
incrensed sur foce ch:1rgc of the cells, exposure oC agglutinin 1·cccptor 
sit s ,rnd :rn i gen i c s i tcs, i ncre:-iscd transport of amino :.1eids ,ind 
pyrimidines, :i nd incrc:1sed :odium ion flux (l\11·dcc, l~l , \) . lhcsc 
ohserv:1l'ions 01 mcmhrnne :11tcra ions during :rnd immedi:1tcly foll0111 ing 
mitosis l d to th hypothC'sis th:1t the surf~1ce ch:rngc is a trigger for 
the processes in the cell cycle l ead in g t o the ne.·t m;t'lsis (Fox , · f · l ., 
19 71) . The existence or :1 positive-feed back loop th:1t relates cyL lic 
J '.). 
run c tions or tile cell surr:ice and Lhc nucleus w:1s proposed. I low ever, 
the possibility that surface change is only one of the many cellular 
responses to mitosis was not excluded. 
It has been proposed that microtubules and actin-containing 
microfilaments provide a physical link between the cell surface and the 
nucleus (Nicolson, 1976). These structures are. thought to transmit 
signals from the membrane to the mitotic apparatus. Evidence for such 
a connection however, is circumstantial and somewhat controversial. 
The evidence includes the demonstration that microfilaments and 
microtubules are involved in the regulation of the distribution and 
mobility of certain membrane components such as the binding sites for 
ferretin-labelled antibodies and labelled plant lectins (Marx, 1976). 
It is conceivable tha t the large surface membrane of Physarwn and the 
abundance of microfilaments in the plasmodium (see section 1.5) play 
some role in the induction of mitotic synchrony following coalescence 
of plasmodia, although this hypothesis has not been tested. 
1.4.3 Plasmodial Fusion and Somatic Incompatibility 
When two different strains of Physarum come into contact a more 
complex reaction may occur and fusion may be delayed for several hours, 
or fusion may not occur. Fusion between plasmodia of different strains 
sometimes results in a lethal reaction destroying much of one or both 
plasmodia (Carlile and Dee, 1967). The extent of this reaction is 
much greater than that reported in other organisms, such as Neurospora 
crassa~ in which a similar reaction occurs (Williams and Wilson, 1966). 
In Physarum, the extensiveness of the reaction is probably due to the 
rapid mixing of the protoplasm by vigorous protoplasmic streaming (see 
section 1.5.l). 
The ::ibility of two plasmodia to fuse is thought to be controlled 
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by c1 1l e les ;,it two or more gene loci.. Poulter and Dee (1968) proposed 
that for fusion to occur between two strains they must be genetically 
identical at the fusion locus (f). Following contact between 
plasmodia dissimilar a t the f locus there may be a lethal reaction. 
The genetic basis of the lethal reaction has been investigated more 
thoroughly recently by Carlile (1976). llowever , control of pl;,ismodial 
fusion at the biochemical level is still poorly understood. 
A number of investigators have proposed that fusion of plasmodia 
of Physarwn is controlled by factors at the cell surface (Poulter and 
Dee, 1968; Ross and Cummings, 1970; Ling, 1971; Jeffery and Rusch, 
1974). The extracellular slime sheath is the first barrier that must 
be overcome before plasmodial fusion can occur. It is conceivable, 
therefore, that slime sheath s of different chemical composition could 
impede or prevent plasmodial fusion. Ilowever , characterization of the 
slime extracted from three different species of slime mould failed to 
reveal any significant differences in the amino acid or sugar 
composl tlons (Simon and llenney, 19 70) . It therefore appears unlikely 
that the slime plays any direct role in determining whether plasmodial 
fusio n will occur or not. 
A more attractive site of control is the plasma membrane. Poulter 
and Dee (1968) suggested that the f genes produce dimers at the cell 
surface which act as a barrier to plasmodial fusion. When plasmodia 
with ident~cal f a lleles come into contact, the formation of inactive 
tetramers between identical dimers was said to occur. If this were 
th case, fusion would proceed. However, when th e f alleles differ, 
the dimers would remain active thus inhibiting fusion. Although such 
an hypothe sis is conceivable, and in agrecance with Poste and Allison's 
hypoth esis, no experimental supporting evidence has been produced. 
Studies by Jeffery and Rusch (1974) also implicate the plasmodial 
surface in th e control of plasmodial fusion. After mixing the 
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homogenates of two naturally incompatible strains of Physarwn on 
a nutrient medium surface, the incompatibility barrier is broken down 
and a plasmodium with characteristics intermediate between the two 
original strains is formed. During homogenization it is conceivable 
that a control system at the cell surface is destroyed thus enabling 
fusion to proceed. These experiments also indicate that control at 
th e cytoplasmic l evel probably do es not exist, at least in the strains 
examined. Breakdown of membrane-bound glycoproteins was proposed as 
a mechanism for the control of fusion in mammalian cells (Poste, 1971). 
In this respect it is notable that Kilpatrick and Stirling (1977) have 
demonstrated that growing microplasmodia release several glycosidases 
into the growth medium . It is possible that these enzymes are 
involved in a lterations of surface membrane bound glycoproteins and 
thus are concerned in fusion reactions. 
1.5 Th e Use of Physarwn in Studies of Cell Motility 
1.5.J ProtopJ ,1smic Streaming 
PerhcJps the most striking feature of a Physarwn plasmodium is 
the prominent network of robust , reticulated veins which terminates in 
a sheath or fan of continuous plasmodium (frontispiece) . Two types 
of protoplasm which differ in viscosity are present within the veins. 
The wall of the vein is composed of a gel-like, semi-solid phase of 
protoplasm (ectoplasm) which surrounds a rapidly streaming sol-like, liquid 
phase of protoplasm (endoplasm). The vigorous protoplasmic streaming 
of th endopla sm appears to be an integral part of such manifestations 
of motility as spreading, growth, and locomotion. Protoplasmic 
streamin g has been studied extensively in Physarwn because of its 
spectacular nature in this organism. The rate of flow and volwne of 
nrotopl.ism t rnnsportcJ ure grccJt ·in comparj son with tlwt 111 other cells. 
-1 
For example, KcJ1niya (1950) reporteJ a stream velocity of 1350µm s in 
[ (1. 
the vei.n s of Physarwn . By comparjson, the highest rate reported of 
any other fungus material is 250µm s-l in hyphae of the ascomycete, 
Hwnaria Zeucoloma (Jahn, 1934). The direction of flow typically 
reverses in a rhythmic pattern in Physarwn , (approximately once every 
sixty to nin ety seconds) and is often termed shuttle streaming . 
Although protoplasmic streaming was first observed almost 200 
years ago, the underlying mechanisms are not understood. Many theories 
have been proposed to explain the process . These have been described 
in detail by Kamiya (1959) . Stewart and Stewart (1959) proposed a 
"diffusion-drag-force" hypothesis which states essentially that 
metabolic compounds synthesized by the plasmodium diffuse down a 
concentration gradjent. Some of the momentum associa ted with this 
material ls continuously transferred to adjacent molecules and they 
are dragged along with them. Because of the l ack of supporting 
experiment a l evidence and failure of the theory to explain adequately 
why streaming reverses periodically, the "diffusion-drag-force" 
hypothesis is not widely accepted . 
A second hypothesis is the "contraction-hydraulic" hypothes is 
which was proposed to account for the existence of hydraulic pressure 
in plasmodial veins (Jahn et al. , 1964). According to this theory, 
contraction of the ectoplasm at one end of a vein creates an hydraulic 
pressure which propels the endoplasm through the vein. Contraction at 
the other end then causes r ever sa l of streaming . Thus, shuttle 
streaming results from rhythmic contraction and r e laxation of the 
protoplasm. 
1.5.2 The Contractile System of Phy a.rwn 
Much circumstantial evidence has been gathered in recent years 
implicating a contractile protein system in the generation of the 
forces necess~ry for s treaming. Proteins similar to muscle actin and 
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myosin with regard to size, shore, ;incl a broad range of funcbonal 
parameters have l>een identified in a wide variety of non-muscle cells 
(Pollard and Weihing, 1974; Clarke and Spudich, 1977) . Moreover, it 
is now generally agreed that these proteins arc probably ubiquitous 
components of al l eukaryotic cells. Because of similarities in the 
molecular properties of muscle and non-muscle actin and myosin, it is 
thought likely that interactions betwen actin filaments and myosin 
ATPase similar to those in skeletal muscle (Fig . 1 . 4) may account for 
non-muscle cell motility and contractility. 
Studies on motility in plasmodia of Physarwn, played a large part 
in the development of hypotheses pertaining to non-muscle cell motility. 
The first demonstration of a system in non-muscle cells with properties 
similar to muscle actin and myosin was that of Loewy (1952), who 
isolated a preparation from plasmodia which was able to "contract" in 
the presence of ATP . Subsequently, Hat ano and Oosawa (1962) isolated 
an actin-like protein that formed a complex with muscle myosin . The 
complex behaved in a similar manner to that of mu sc le actomyosin. The 
reciprocal cross-complex was later reported between plasmo<lial myosin 
and muscle actin (Oosawa et al . , 1966). 
Myosin isolated from Physarwn plasmodia displays many similarities 
to skeletal muscle myosin (described in Fig. 1.5). Using equilibrium 
density gradient centrifugation and gel filtration, Adelman and Taylor 
(1969) calculated that the native molecular weight of Physarwn myosin 
is abo ut 460,000 . When subjected to SOS polyacrylamide gel 
electrophoresis a single slow-moving band corresponding to a molecular 
weight of about 225,000, and two fast-moving bands of 17,000 and 21,000 
molecular weig hts were observed (Nachmias, 1974) . While this follows 
the general pattern of heavy and light chains in muscle myosin the 
Physarwn myosi n heavy chai n is larger a nd t he light chains smaller than 
t he corresponding polyp ptides from muscle myosin. The molar ratio 
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Fig . 1.4 - Diagrammatic representation of the "Sliding Filament Theory" 
of ske letal muscle contraction. 
(a) Relaxed 
(b) Contracted 
The f unctiona l uni t of a skeletal muscle cell is the sarcomere . 
Each sarcomere contains a central se t of thick myosin filaments 
and two sets of t hin actin filaments extending from the 
Z- l i nes and overlappjng the myosin filaments at the other end . 
Duri ng contraction and relaxation the t hin fi l aments s lide past 
the thick filaments without chang in l ength of either . 2The force for t hi s sliding movement (which is activated by Ca+ ions) 
is generated by t he cyclic i nt eraction of myosin "heads" with 
the acti n fi l aments. This is thought to stimulate the myosin 
ATlase which provides th e energy for movement (Huxl ey, 1969). 
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of the chains calculated from gel-densitometry is 1:2:1 (225,000: 
21,000:17,000) (Nachmias , 1974) in contrast to the 1:1:l ratio found 
in muscle. Because of the observed molar ratio it appears that the 
Physarwn myosin molecule is composed of two heavy chains, each one being 
associated with three light chains. The light chains are thought to 
interact with the globular head (ATPase) region of the heavy chains, 
which are also the actin binding sites . However, there is a lack 
of conclusive data regarding the mol ecular weights of the polypeptides 
because of un certainties involved in relying solely on estimates from 
electrophoresis. It is therefore impossible to make absolute assertions 
regarding the organization of the myosin molecule. 
2+ Mg2+ In the presence of Ca or at low ionic strength, purified 
Physarwn myosin mol ecules aggregat e . When negatively stained 
preparations of these myosin aggregates are examined e lectron 
microscopically, bipolar filaments about 25nm wide and up to 2 .0µm long 
can be seen (Nachmias, 1972). These filaments resemble skeletal 
musc le myo sin filaments . 
club-s haped tuft ed ends . 
They have a bare fibrous middle and two 
The actin binding sites are located within 
the tufted ends of the filaments . Physarwn myosin catalyzes the 
hydolysi s of ATP. 
2+ 
This ATPase activity is activated by Ca at high 
1 · db l · d Mg 2+ at lo1J salt sat concentra tion an y muse e act1n an • 
conc entration . 
Purified Physarwn actin also activates the ATPase of 
purified Phu ·ai'ipn myosin. Physarwn actin resembles its muscle 
homologue in many ways. It occurs in two forms, G- actin (globular 
actin) and the f ibrous polymer, F-actin,depending on the concentration 
of salt and divalent cations. G-actin cons ists of a singl e polypeptide 
chain with a molecular weight of about 45,000 wh ich binds one mole each 
2+ 
of Ca ,rnd ATP per mole of G-act-in. In the presence of low 
conc entrations of salt, the G-actin polymerizes into F-actin. This 
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is accompanied by a dephosphoryl ation of bound ATP. Purified 
F-actin isolated from Physarwn activates the ATPase of muscle myosin 
(Adelman and Taylor, 1969). 
Actin filaments can be seen readily electron microscopically in 
negatively stained preparations. A technique which allows ready 
identification of actin filaments involves the incubation of the 
preparation to be examined with heavy meromyosin (HMM) or subfragment 
1 (S-1) (Fig. 1.5) prior to negative staining. Both HMM and S-1 contain 
the actin binding sites of the myosin molecule and bind to actin giving 
a distinctive "arrowhead " appearance (Huxley, 1963) . Actin filament 
polarity can thus be determined with regard to the direction in which 
the "arrowheads " are pointing. 
Actin filaments from Physarwn are from 5 to 8nm wide, and are 
composed of a double helical array of 5nm globular monomers with a half 
pitch of about 36 to 38nm. Filaments also form in the presence of 
physiological concentrations of Mg 2+ These have been termed 
Mg-polymers and are shorter and more flexible than actin filaments 
polymerized in the presence of KCl (Hatano et al., 1967). A factor 
thought to be involved in the formation of Mg-polymer has been isolated 
recently and term d "plasmodial actinin" (Hatano and Owaribe, 1976). 
That Mg-polymer may be the typ e of actin found in vivo in Physarwn is 
. d. d h Mg 2+ . . d f f t. in icate not only byte concentrations require or orma ion 
(i . e., 0.1 to 2.0mM) but also by the similarity in appearance of actin 
filaments observed in the gel of a contracting plasmodium to that of 
a Mg-polymer formed in vitro (Nagai et al ., 1975). Polymerization 
is a key physiological feature of actin . Only actin organized into 
filaments can transmit tension and only actin filaments efficiently 
activate the myosin ATPase during the conversion of chemical energy 
of ATP .i nLo mcclwnic:11 work. 
S-1 
ROD 
LMM HMM 
Fig. 1.5 - Schematic representation of a molecule of skeletal muscle 
myosin. Heavy lines represent the myosin heavy chains and 
light lines represent myosin light chains . Papain cleaves the 
molecule at the point indicated by the upper arrow into a 
head region (Subfragment-1 or S-1) and tail region (Rod). 
Tryptic digestion (lower arrow) results in light meromyosin 
(LMM) and heavy meromyosin (HMM) . (Adapted from Pollard 
and Weihing (1974) and Lowey et al. (1969)) . 
0 
Q 
()'-._?I i° ... i / 
organelle actin myosin plasma 
membrane 
f.ig. 1. 6 - /\ model s howing possible interactions between membranes and 
contractile proteins to generate movement ln non-muscle cells. 
Arrows indicate directions of movement. (Adapted from Spudich 
and Clarke (1974)) . 
22. 
Th e positive ident ification of ;:icti n and myosjn in Physarum 
plasmodia and the structural and functional similarities to their 
ana logLCs from striated muscle, led to the hypothesis that a mechanism 
analogous to the sliding filament theory may be responsible for the 
generation of the forces necessary for protoplasmic streaming and 
other cell movements in Physa:rwn . Bundles of actin filaments have 
also been clearly demonstrated at the boundary between the stationary 
cortical cytoplasm and flowing endoplasm of Characean algae (Pickett -
Heaps, 1967; Williamson, 1975). The polarity of these filaments has 
been determined (using HMM label l ing) . The finding that "arrowheads" 
point in a direction opposite to the direction of streaming supports 
the hypothesis that a contractile mechanism simi l ar to that of skeletal 
musc l e may be in operation (Kersey et al ., 1976) . 
In striated muscle, contraction depends on forces generated by an 
active shearing mechanism between filaments of actin and myosin (Fig . 1.4). 
In non-muscle cel ls it is proposed that actin filaments attached to the 
cytop l asmic surface of the plasma membrane, lying at an ac ute ang le to 
it a nd passing throught the stationary ectoplasmic layer (with an 
appropriate structural polarity) can generate forces for contraction by 
their interactions with assemblies of myosin molecules. This hypothesis 
is presented schematica lly in Fig. 1.6. The principle could 
nevertheless be different in muscle and non-muscle systems; in particular, 
failure to identify myosin thick filaments conclusively and generally 
in non - muscl e cells suggests that the arrangement of actin and myosin 
could be different (Clarke and Spudich, 1977) . Proposed mechanisms for 
the involv ment of contractile proteins in non-muscl e cell motility 
therefore remain speculative. 
2 3. . 
1.6 The Plasma Membrane of Physar>-wn - Present Study 
From the information presented in the foregoing review, plasmodia 
of Physarwn appear to be useful for the examination of certain 
properties of the plasma membrane. The fusion of compatible plasmodia, 
for example, is a naturally occurring system in which the mechanisms 
of plasma membrane fusion can be studied conveniently . Because 
plasmodial fusion is accompanied by a syn ch ronj z;ition of nucl c:ir 
divisions, an examination of the factors involved in the induction of 
mitotic synchrony can be undertaken at the same time if necessary . 
Moreover, determination of the properties of the plasma membrane during 
this process could be ins trumental in resolving the question of whether 
the cell surface is involved in the control of nuclear division in 
Physarwn . Similarly, the process of plasma membrane biogenesis should 
be accessib l e to investigation in plasmodia. An analysis of any 
interactions between the plasma membrane and cytop l asmic organelles 
perpetrated by element s of. the contractile system should a l so be 
possible . 
In the past, studies on intact plasmodia have yielded useful 
information about some of these processes. It has often been difficult, 
however, to discriminate between plasma membrane-associated and 
intracellular func t ions. This can be overcome by examining highly 
purified plasma membrane preparations in isolation from intracellular 
organelles . To date, there are no descriptions of any methods for 
the isolation and purification of the plasma membrane from Physarwn. 
The strategy and methods used in an attempt to develop these techniques 
are described in Chapter 2 . 
Un foresee n difficulties beset the st udi es of plasma membrane 
isolation and instead, a st udy of the biogenesis of plasma membrane 
in i tu was i niti ated. This i nvolved an ultras tructural examination 
of the reor anization of naked protoplasm initially devoid of any surface 
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mcmhranc. The results of this investigation are presented in 
Chapter 3. 
An extension of this study was an examination of the associations 
between the plasma membrane, cytoplasmic organelles, and elements of the 
contractile system . TI1ese results together with a discussion of the 
interrelationship of these components and cell motility are discussed 
in Chapter 4. 
CIIJ\PTER 2 
ISOLATION OF PLASM/\ MEMBRANES 
rROM MICROPLASMODIA OF PHYSARUM 
2.1 Introduction 
2.1.1 Genera l Approach to the Problem of Plasma Membrane Isolation 
Literature concerning the isolation of plasma membranes is extensive 
and has been discussed in several recent reviews (de Pierre and 
Karnovsky, 1973; Wallach and Lin, 1973; Graham, 1975; Neville, 1976). 
However, no uniformly applicable techniques have emerged. Additionally, 
th e majority of re search has been directed towards mammalian cells. 
Reports describing the isolation of we ll-characterized plasma membranes 
from lower eukaryotes are few. Some of the organisms which have been 
studied are listed in Table 2.1. The diversity of techniques used 
for the isolation of plasma membranes from a single species, e.g. 
Dictyoste'liwn discoidewn~ is indicative of the complexity of th e p ro blem. 
Because of the absence of a uniformly applicable method for the 
isolation of plasma membranes, it has proven necessary to develop 
specific techniques for individual cell types. In broad terms, the 
approach can be divided into two phases . First, a reliable marker for 
the plasma membrane must be established and secondly, an isolation 
procedure must be devised which separates plasma membrane from other 
cellular membranes . 
2.1.2 Identification of the Plasma Membrane 
(a) Marker Enzymes 
In order to monitor t he fate of the plasma membrane during an 
isolation procedure , one or more enzymes assumed to be exclusively 
Cell Type 
Acanthamoeba 
castellanii 
Acanthamoeba 
astellanii 
Amoeba 
prc-:;eus 
Dictyoste liwn 
discoidewn 
Dictyoste liwn 
discoidewn 
Table 2 .1 - Examples of the procedures used for the isolation of plasma 
membrane enriched fractions from lower eukaryotes 
Summary of Method 
Hypotonic lysis; 
Differential centrifug-
ation, Sucrose density 
gradient centrifugation 
Dounce homogenization in 
hypotonic medium; 
Differential centrifug-
ation; Sucrose density 
gradient centrifugation 
Suspension of cells in 
2 . 4M sucrose for 7 days 
prior to teflon/glass 
homogenization; Low speed 
centrifugation through 
0.6M and 0 . 8M sucrose . 
Cell lysis by freeze-thawing 
in liquid N2 ; Differential 
centrifugation; Sucrose 
density gradient centrifug-
ation. 
Cell lysis with Amphotericin 
B; Differential centrifug-
ation; Sucrose density 
gradient centrifugation 
Identification of 
Plasma ~lembrane 
Fraction 
Electron microscopy 
Enzyrnic assays 
Electron microscopy 
Enzyrnic and chemical 
analyses 
Electron miscrocopy 
Irnrnunofluoresce 
Microscopy. 
Surface labelling with 
lactoperoxidase catalysed 
iodination, Electron 
Microscopy, Enzyrnic Assays 
Electron Microscopy 
Enzyrnic Assays 
Morphology 
of Purified 
Fraction 
Membranous 
strands and 
vesicles 
Membrane 
vesicles 
Large sheets 
Membrane 
vesicles 
Membrane 
vesicles 
*Degree of 
Purification 
X 16 
5 '- nucleotidase 
X ~+ 
Mg -ATPase 
X 13 
Alkaline 
Phosphatase 
X ~+ 
Mg -ATPase 
N. S . 
X 17 
(125 1 ) X 36 
Alkaline 
Phosphatase 
X 45 
(phosphod-
ie s t erase) 
X 12 
(adenyl cyc lase) 
X 9 
(5 '- nucleotidase) 
Reference 
Schultz 
and 
Thompson 
(1969) 
Ul samer 
et al. (1971) 
O'Neill 
(1964) 
Green and 
Newe ll (197-1-) 
Rossomando and 
Cutler (1975) 
Dictyoste Ziv.r.'! 
discoidewn 
Dic t yos te l iwn 
discoidewn 
Dictyosteliwn 
discoidewn 
Entamoeba 
invadens 
NeJ..rospor a 
crassa 
Incubation of cells with 
Concanavalin A; Lysis with 
Triton X-100; Low speed 
centrifugation . 
Cell rupture by vigorous 
stirring with glass beads; 
Sucrose density gradient 
centrifugation 
Cell rupture by vigorous 
homogenization in a Ten 
Broeck homogenizer; 
Sucrose density gradient 
centrifugation; Renografin 
density gradient centrifug-
ation . 
Cell rupture by Dounce 
homogenization in isotonic 
sucrose; Differential 
centrifugation; Sucrose 
density gradient centrifug-
ation . 
Incubation of cells with 
Concanavalin A; Glass/ 
teflon homogenization in 
hypotonic Tris buffer; 
Series of low speed 
centrifugations. 
Electron microscopy 
Enzymic assays 
El ectron microscopy 
Enzymic ass ays. 
Electron microscopy 
Enzymic assays 
Electron microscopy 
Enzymic assays 
Surface labelling with 
diazotiz ed 3SS -
sulphanilic acid, 
Electron microscopy 
Large sheets 
Membrane 
vesicles 
Membrane 
vesicles 
Membran e 
vesicles 
Membrane 
vesicl es 
NS 
X 18 
(Alkaline 
Phosphatas e) 
X 26 
(S '- nucleotidase) 
NS 
X 89+ 
(~lg -ATPase) 
X 6 
(Acid p -
ni trophenyl 
phosphatase) 
X 3· 4 2+ (Mg -ATPase) 
X 1. 9 2 + + + (Na , K -Mg 
ATPase) 
Parish and 
MUller (19-;-6) 
Gilkes and 
Weeks ( 19 77) 
McMahon 
et al . (19 77) 
van Vli et 
et al . (19 76 ) 
Scarborough 
(19 75) 
Ochromanas 
danica 
Saccharomyces 
cerevisiae 
* 
Homogenization in isotonic Enzymic Assays NS 
buffered sucrose in a 
French pressure cell; 
Differential centrifugation; 
Sucrose density gradient 
centrifugation. 
Hypotonic lysis; 
Sucrose density gradient 
centrifugation 
Surface labelling Membrane 
(1) 14c N · th 1 1 . . d vesicles - -e y ma e1m1 e 
(2) Lactoperoxidase 
catalysed radioiodination 
(3) iH-fluorodinitrobenz ene 
(4) H-dansylation 
X 10 
(5 '- nucleotidase) 
X 16 
+ + (Na , K -ATPase) 
X 12 
(acid phosphatase) 
X 5 
Patni 
et a l . 
(1974. 
(alkaline phosphatase) 
X 4 
(B-galactosidase) 
NS Schibeci 
et a l . 
(1973) 
The degree of purification is the ratio of the specific activity of the various markers in the purified fraction 
to that in the cell homogenate or lysate. 
NS not stated . 
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associated with the plasma membrane, i.e. "marker enzymes", arc 
commonly assayed. Marker enzymes of cytoplasmic organelles are 
usually also assayed to provide an index of contamination of the plasma 
membrane isolate . Mitochondria for example, are generally characterized 
by succinate dehydrogenase (Schneider, 1946), endoplasmic reticulum by 
glucose-6-phosphatase (Goldfischer et al., 1964) , . and lysosomes by acid 
phosphatase (de Duve, 1964). 
A number of enzymes have been identified as plasma membrane markers 
in various mammalian tissues (for review see Solyom and Trams, 1972). 
The most common markers of mammalian cell plasma membranes are 
. + + . 2+ 5' -nucl eot1dase, Na - pl us- K - stimulated Mg - dependent ATPase, and 
alkaline phosphatase. However, caution should be applied when 
assigning an enzyme activity to the plasma membrane of a new cell type. 
Because of the functional diversity of plasma membranes, there is no 
a priori reason to assume that a certain enzyme will be a plasma 
membrane marker for the cell type being examined simply because it has 
been suitable for certain other cell types . Such assumptions may 
sometimes be self-fulfilling. An isolated fraction can contain an 
enrichment of marker while not necessarily containing plasma membrane. 
When studying a new cell type, therefore, the enzyme used as a marker 
must be unequivocally established as such . 
One method of selection of suitable enzymes has as its basis the 
fact that the plasma membrane can be studied without the need for cell 
disruption. Enzymes whose active sites face the externa l medium 
rather than the cytoplasm, i.e. ectoenzymes, can be assayed directly on 
intact cells. Exclusive localization of an enzyme on the cell surface 
can then be verified by co~paring the activity of intact cells with the 
amount in an homogenate . 
An alternative approach to the estab li s hm ent of an enzyme as a 
marker is to make use of cytochemical assays in conjunction with 
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electron microscopy . Cytochemical techniques have typically been used 
for phosphatases where the substrate is hydrolyzed in the presence of 
2+ 2+ heavy metal ions such as Pb or Zn . The released inorganic 
phosphate forms electron-dense precipitates with these metals which 
can be localiz ed by electron microscopy. 
Although superficially this technique appears simple, there are 
several experimental difficulties (van Duijin, 1974). Most important 
is the possibility of enzyme inactivation caused by the fixative 
(usually an aldehyde). Secondly, the capture reagent may inhibit 
enzyme activity. Pb 2+, for example, is a well known inhibitor of a 
number of phosphatases (Essner, 1973). Moreover, non-specific 
2+ deposition of Pb has been a major criticism levelled at cytochemical 
assays for phosphatases (Slrnikt a and Seligman, 1971). 
With care in the application of techniques, and caution in the 
interpretation of results, however, enzyme cytochemistry can be of 
considerable value in determining the localization of certain enzymes . 
Plasma membra11e localization of adenyl cyclase a nd 5'-nucleotl<lase in 
Dictyosteliwn di scoidewn, for example, has been claimed using 
cytochemica l techniques (Cutler and Rossomando, 1975). 
(b) Covalent Labelling of Plasma Membranes 
A technique frequently employed in the identification of the plasma 
membrane involves the introduction of compounds which covalently bind 
to the plasma membrane. These compounds may be chromophores, spin 
labels, or radioactive atoms, which are readily detected and cause 
no molecular reorganization of the membrane (Carraway, 1975; Hynes, 1976). 
As well as providing reliable plasma membrane markers, these methods 
can yield information relating to the molecular organization of the 
membrane . 
The ut i lity of covalent lab e lling depends on some prop rty (such 
as size or solubility) of the labelling reagent which renders it 
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impermeable to the cell . The sites of reaction are then restricted 
to specific molecules exposed on the cell surface . Chemicals such 
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as pyridoxal phosphate and 11-borohydride, S-labelled formyl 
3 
methionylsulphone methyl phosphate, and H-labelled 4,4'-diisothiocyano-
2, 2 ' -<lihydrosti lbene disulphonate have been employed to label plasma 
membranes from a variety of sources. Their use has been summarized 
in several recent reviews and will not be discussed further - (Carraway, 
1975; Hynes, 1976; Hubbard and Cohn, 1976). 
There are certain ambiguiti e~ however, associated with chemical 
labelling methods, particularly with regard to penetration into and 
across the plasma membrane. These have led to the developmen~ of 
enzymatic labelling techniques. Enzymes by virtue of their size, are 
unable to penetrate the membrane other than by endocytosis and, 
under appropriate conditions, can be used selectively to label accessible 
groups exposed on the cel l surface. 
The most widely used enzyme is lactoperoxidase which catalyses the 
iodination of exposed tyrosine (and possil1ly histidine) residues in 
the presence of peroxide (Marchalonis, 1969). The reaction takes place 
via an enzyme-bound intermediate at low iodide concentration transferring 
an iodine atom directly onto the protein as shown in the following 
reactio n scheme. 
LP+ 1-1 202 + LPO + H20 
(1) 
LPO + I + Protein + Protein ~ Protein +LP+ OH (2) 
I I I 
~H 
CH 
~I 
9::--11 
' I - LPO 
OH OH OH 
Activated 
comp l ex 
where LP denote lactoperoxidase (13ayse and Morrison, 1971) . 
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h 1 .d 125 1 1 h Because t e actoperoxi ase- comp ex as a molecular weight of 
about 78,000 daltons, it is assumed to be unable to diffuse across 
the membrane and therefore specifically labels those proteins with 
tyrosine or histidine residues exposed on the cell surface. A 
modification of the reaction utilizes glucose oxidase and glucose to 
generate catalytic amounts of peroxide continuously during the iodination 
reaction (Hubbard and Cohn, 1972; Schenkein et aZ ., 1972). 
Lactoperoxidase catalysed iodination of human erythrocytes has 
yielded much useful information regardin,g the asymmetric organization 
of membrane proteins (Hubbard and Cohn, 1972; Nachman et aZ., 1973 ) . 
The t echnique has also been used to provide a general plasma membrane 
marker in more complex ce lls . . Such a procedure eliminates the 
uncertainty of the cellular location of an enzyme marker. Plasma 
membranes have been isolated from mouse L cells (llubbard and Cohn, 
1975; Tsai et aZ. , 1975), hamster fibroblast cells (Graham et aZ. , 1973), 
human tumour KB cells (Butters and Hughes, 1975), and DictyosteZiwn 
discoidewn (Green and Newell, 1974), utilizing iodination as a marker 
technique. 
Because of the greater intracellular and metabolic complexity of 
growing nucleated cells in comparison with human erythrocytes, 
considerable care s hould be taken to ensure that the label is in fact 
confined exclusively to the plasma membrane. If lactoperoxidase 
shou ld in some way penetrate the cell surface, intracellular organelles 
may become l abel led to a significant extent. Internal labelling is 
also possible if peroxisomes are present within the ce ll. These 
organelles release peroxidases and, because iodide ions permeate freely 
through t he pl·1sma membrane, cytoplasmic proteins can become iodinated. 
It is important therefore to ch ck for internal lab e lling of proteins 
whenever a new ce ll type is being studied . This cnn be done by 
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optimizing conditions to label external, compared with internal 
proteins (Tsai et al., 1973). 
2 .1.3 Isolation and Purification of Plasma Membranes 
(a) Cell Disruption 
The aim of most procedures for the isolation of a particular cell 
component is to obtain that component intact and undamaged. Plasma 
membrane isolation, however, involves unusual obstacles in that the 
enti ty being studied must be damaged before it can be separated from 
the cellular contents . In most experimental systems designed to 
isolate the plasma membrane, "gentle" forms of homogenization have been 
use<l. These methods, e.g. Dounce or Potter Elvehjem homogenizers, rely 
on liquid s hear forces generated between reciprocating or rotating 
pestles and homogenizing vessels to rupture cells. An alternative 
method is "nitrogen cavitation" (Hunter and Commerford, 1961). In 
this procedure, cell rupture results from the force produced when a 
cell suspension equilibrated with nitrogen gas under high pressure is 
returned rapidly to atmospheric pressure. More disruptive techniques, 
such as freeze thawing, ultrasonic irradiation, or extrusion through a 
French Press, could lead to disruption of subcellular organelles such as 
nuclei or mitochondria. If this were to happen, it may be more 
difficult to separate their membrane fragments from those of the plasma 
membrane . 
Pollowing cell rupture, plasma membranes generally fragment into 
small vesicles of varying size. Less frequently, large sheet-like 
fragments may also be generated. In general sheet formation requires 
chemical stabi li zatio n of the membrane to prevent vesiculation. lleavy 
2+ 2+ 2+ metals such as Zn , Hg , or Pb and agents which complex membrane 
sulphydryl groups have been variously used prior to or during 
homogeni zatio n, to stabilize the plasma membrane against vesiculation 
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(Warren et al., 1966). Such "toughening" reagents, ho1vever, promote 
the adhesion of cytoplasmic constituents to the plasma membrane . 
Furthermore, some of these treatments can inactivate enzymes anJ/or 
solubilize membrane components . The advantages of their use are 
therefore doubtful (Wallach anJ Lin, 1973) . 
(b) Subcellular Fractionation 
Current methodology in the separation of membrane fragments from 
other subcellular components relies almost exclusively on centrifugation 
(Steck, 1972). In general, a subfraction enriched in plasma membrane 
is obtained by differential centrifugation and further purified by 
density gradient centrifugation . When plasma membranes are in the 
form of sheets, a low speed pellet enriched in membranes is applied to 
the density gradient . Alternatively, if the membranes are v_siculated , 
a higher speed pellet is applied. 
Separation in isopycnic density gradient centrifugation tak s 
ndvantnge of differences in density of the various subcellular components . 
These m<1y he significantly nltered, however, by choice of gradient 
solutes 01· solvents. Smnll perme;1nt molecules such :1s sucrose, for 
example, exert large osmotic effects . In these gradients, vesicle s 
shrink 1vj th progressive centrifugation . The equi lihrium dcnsi ties 
approc1ch the dens -i.ty of the anhydrous mcmbr~rnc (\ allach and Li.n, 1973) . 
By contrast, gradients of non-pcrmeant polymers such as dextran or 
hcoJ 1 exert smal 1 osmotic effects . Thus, the equilibrium density is 
dependent onthc volume or fluid 1vi hin the vesicles . Parameters such 
as pl!, ionic strengtl1, and divalent cation concentration can alter the 
volume of fluid within a vcsi.cle. By varying these, the densities of 
mcmhr;111c vesicl s c;rn 1hcrcforc he a ltered (Steck Pt o7 ., 197()). ·11,is 
h:-is been pnrt i cul:irl y adv:1ntageous for scp:-ir,lt i ng mi crosomcs from 
pl;1sm:1 mcmhr :1 nc vesic les (F,·rller el ol., 1972; v;111 l~l ittersw i _ik et 1/ .. 
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1973) . 
Another method often used to isolate and purify plasma membranes 
r e lics on differences in surface charge . Lorge surface fragments 
prepared from zn 2+-fixed cells are collected from the interface of 
an aqueous two-phase dextran and polyethyleneglycol mixture (Brunette 
nnd Till, 1971) . Plasma membranes have been isolated from a numbeT 
of sources using this method (e . g ., Kennel and Lerner, 1973 ; Shi1; and 
Carraway, 1973; Walter et al . , 1976) . However, the degree of 
purification using this technique is quite low. ~loreover, electron 
microscopical examination of the isolated membrane fractions, reveals 
significant contamination by cytoplasmic material . As discussed 
f f . f 2+ earlier, this may in part result rom the ixative action o Zn . 
2 . 1. 4 Isolation of Plasma 1embranes from Phi sarwn - Present Study 
For reasons discussed in Chapter 1, it was considered important to 
attempt o develop a method for the isolation, purification, and 
chnrac erizntion of the plasma membrane of Phy ClY'wn . During this 
investigation, the principles discussed in the foregoing section 1,•crc 
;1tllwrcd to whencvcr possihlt'. llcsults obtained during t!1is 
i11vcslig;1rio11 will now be described. 
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2.2 Methods 
2 . 2.1 Culture Methods for Physarwn Microplasmodia 
The strain of Physarwn used was M3c VAD, obtained from H.P. Rusch, 
University of Wisconsin . Microplasmodia were grown in liquid medium 
at 25°C in the dark. The cultures were aerated by rotation at 200 rev/ 
min in a Paton Industries Orbital Shaker incubator. In early experiments, 
cultures were grown in a semi-defined medium according to Daniel and 
Baldwin (1964) . llowever, more consistent growth rates were obtained 
when a modification of the semi-defined medium described by Carlile 
(1971) was used. This medium referred to hereafter as MCM, contained 
per litre:lOg Oxoid peptone, l.Sg Bacto-yeast extract, 10g glucose, 
3.54g citric acid, 2g KH 2P04 , 0 . 6g MgS04 .7H20, 0.034g ZnS04 .7H20, and 
After adjusting the pH to 4 . 6 with KOii, 800ml of the 
medium was dispensed into flat bottomed 3l flasks, and autoclaved at 
lSpsi for 20min. When cool, haemin (0.05% (w/v) in 1% (w/v) NaOH) was 
added to a final concentration of 0.0005% (w/v). Flasks were inoculated 
with 200ml microplasmodia from log phase cultures. 
Stocks of microplasmodia were maintained in .log phase in ll 
Ehrlenmeyer flasks containing 200ml of culture. Sclerotia (see Fig. 1.2, 
section 1.3.2) were also kept. These were obtained from surface 
cultures which were maintained in the dark (at 25°C) after nutrient 
exhaustion. The flat, horny sclerotia were lifted from the surface of 
the agar with a sterile spatul a and placed in sterile screw-capped tubes. 
They remained viable for about 12 months when stored at room temperature. 
2 . 2 . 2 llarvesting and Washing of Microplasmodia 
Log phase microplasmodia were rapidly harvest ed by centrifugation 
at 200g for 30s in a ben ch top centrifuge in 50ml plastic Falcon 
centrifuge tubs. Growth medium was decanted and the microplasmodia 
were resuspended in SO volumes of washing solution. This was repeated 
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once. A suitable washing solution was established by incubating 
microplasmodia and determining the extent of lysis. 
The extent of microplasmodial lysis under various conditions was 
determined by estimating the degree of pigment release into the 
surrounding solutions. Microplasmodia were harvested and washed twice 
with various solutions (see section 2.3.2 ) . Equal volumes of 
microplasmodia were then resuspended in 30ml of the solution being 
tested and incubated at 25°C in a water bath shaking at 200 rev/min . 
After 30min the microplasmodia were harvested and the absorbance at 
415nm of the washing solution was recorded. Protein was estimated in 
all the harvested microplasmodia such that quantitative comparisons 
could be made. The pigment released during the two washing steps was 
also determined but this was found to be minimal in comparison to that 
released after 30min incubation in the various solutions. The optimal 
wash solution (PWS) which caused minimal lysis contained 20mM citric 
acid - sodium citrate buffer, (pH 4.6) and 2 .SmM Ca2+ ions. 
2.2.3 Enzymatic Iodination of the Cell Surface 
(a) Red Blood Cells 
Human red blood cells (type O (-))were obtained and iodinated 
essentially as described by Hubbard and Cohn (1972). The reaction 
mixture contained 1-4 x 109 cells previously washed in 310 mosmol 
sodium phosphate buffer, (pH 7. 2) (3100B), 3munits lactoperoxidase, 
6munits gl ucose oxidase, lOµCi carrier free Na 125 I, Sµmoles glucose 
in a total volume of 1.0ml. Cells were iodinated from Oto 20min 
while shaking at 120 rev/min i11 a water bath maintained at 37°C. The 
-5 
reaction was stopped by the addition of 10 vol 10 M Na 2s2o3 in ice 
cold 3100B. Iodinated cells were washed seven times in ice cold 
310DB and four-step ghosts, i.e. cells washed 4 times in 20 mosmol 
sodium phosphate buffer, (20DB), (pl-I 7.4) and free of haemoglobin, 
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were prcpareJ accorJing to the proceJure of Dodge et al . (1963). 
(b) Microplasmodia 
Optimal conditions of iodination were determined as described in 
section 2.3.2 . The reaction mixture found to yield optimal labelling 
125 
of cells contained lOµCi of Na I/ml, Sµm NaI, . lOOµg of 
lactoperoxidase/ml, lOµg of glucose oxidase/ml, and microplasmodia 
suspended 1:1 (v/v), in PWS. The final volume was either 1.0 or 
10.0ml depending on the volume required. The reaction was initiated 
by the addition of glucose to a final concentration of SmM. After 
incubation for 30min at 25°C in a shaking water bath (200 rev/min), the 
reaction was terminated by the addition of 10 volumes of 10-SM Na 2s2o3 
in ice cold PWS. Microplasrnodia were subsequently washed four times 
with ice cold PWS to remove unincorporated Na 125 I. 
(c) Radioactivity Measurements 
To ensure that the radioactivity measured was protein bound, samples 
were precipitat d with cold 7% (w/v) trichloroacetic acid (TCA). When 
determining the uptake of radioactive label into microplasmodia, 
whole microplasmodia were precipitated with TCA. The precipitate 
was subsequently washed once with ice cold 7% TCA before being dissolved 
in 0.4M NaOH . Solubilized samples were applied to Gelmann glass fibre 
discs (type E) and dried . Samples of subcellular fractions and 
fractions collected from sucrose gradients, were applied directly to 
the glass fibre discs. Protein was subsequently precipitated onto 
the discs by immersing them in ice cold 7% TCA. The discs were then 
dried. In all instances, dried discs were washed twice with ice cold 
7% TC!\ containing SOmM Na I and once with 95% ethanol, dried and placed 
in vials containing Smls 0.5% (w/v) butyl PBD in toluene. The vials 
were counted in a Beckman LS-350 Liquid Scintillation Spectrometer 
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(d) Lactoperoxidase and Glucose Oxidase Activity Determinations 
Lactoperoxidase and glucose oxidas e activities were determine<l 
using a modification of the method described by Hubbard and Cohn (1972). 
Aqueous stock solutions of lactoperoxidase (Smg/ml) and glucose oxidase 
(O.Smg/ml) were maintained at -23°C for up to 4 weeks with no apparent 
loss of activity. En zyme <1ctivi.t i es were determined spectrophotometrically 
by following the oxidation of o-dianisidine at 460nm using an 
extinction coefficient of ll,300 Z.mol-\ cm- 1 . 
(i) Glucose oxidase 
The r eaction cuvette contained 2.0ml of either O.lM sodium 
phosphate buffer (pH 7.4) or PWS (pH 4.6) , 0 . 005 % (w/v) horse-
radish peroxidase, 0 . 01 % (w/v) o-iliani sldi ne and glucose oxidase. 
The mixture was incubated for lmin at 25°C and the reaction 
initia t ed by rapid addition of 1.4% (w/v) glucose. The 
increas e in absorb ance at 460nm was recorded. 1 unit is that 
amount of enzyme producing lµmole peroxide/min at 25°C . 
(ii) Lactoperoxidase 
The reaction cuvette consisted of 2 . 0ml of either O.lM sodium 
phosphate buffer (pH 7 . 4) or PWS containing lmM H2o2 and 0.01% 
(w/v) o-dia11i s idine . The slow backgiound rate of increase in 
absorbance at 460nm was recorded for 2min, after which an aliquot 
of l actoperoxidase was added. The change in absorbance at 460nm 
was followed. 1 unit of lactoperoxidase is that amount of 
en zyme decomposing lµmole peroxide/min at 25°C. 
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2 . 2 . 4 l so latlon of Plasma Membranes from Iodlnate<l Mlcroplasmo<lla 
(a) Ilomogenization and Subcellular Fractionation 
Homogenization techniques and differential centrifugation r~gimes 
were varied in order to obtain suitable microplasmodial disruption and 
fractionation (see section 2 . 3.3 ). Optimol conditions for 
homogeni zation were obtained by suspending jodinate<l microplasmodia 
in lOvol of 0 . 25M sucrose , lOmM tricine (pH 7. 2) (ST-buffer), 2mM EDTJ\ 
and homogeni zing with 10 strokes of a 40ml Dounce homogenizer (Type A 
pestle) at 0°C. The homogenate was fractionated by differential 
centrifugation using a Sorvall RC-2B refrigerated centrifuge. Nuclei 
and cell debris were removed by centrifuging the homogenate at 500g 
for lmin . A fraction containing predominately mitochondria was 
sedimented at 3000g after centrifuging for 6min . A fraction putatively 
enriched in plasma membrane was obtained by centrifuging the 3000g 
supernatant at 27,000g for 30min . The gross composition of the 
fractions was determined by phase contrast microscopy. 
(b) Sucrose Density Gradient Centrifugation 
20-60% (w/v) sucrose gradients were prepared by layering 5 equal 
volumes of 60, 50, 40, 30, 20% (w/v) sucrose solutions in cellulose 
nitrate ultracentrifuge tubes. All sucrose solutions were prepared in 
lOmM Tricine, pH 7.2 and when prepared, gradients were stored at 4°C for 
12 - 20 hours before use. Centrifugation of the sucrose gradients was 
carried out at 0°C in a Beckman SW 27 rotor at 70,000g for 3h in a Beckman 
LS-50 Ultracentrifuge. All fractions were kept on ice and assayed for 
proteins and radioactivity . 
2. 2 . S Enzymntic nn<l Chemical Analyses 
(a) J\lkn l ine Phosphatase (EC 3 . 1.3 . 1) 
2+ Al kaline phosphatase activity was determined as a Mg -dependent 
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:.ilkaUno p-nitrophcnyl-phosphatasc activi.ty using a mo<lificaUon of 
·the method described by Green and Newell (1974) . The reaction 
cuvette contained in a total final volume of 3ml, SOmM Tris-HCl (pH 9.0), 
SmM MgC1 2, SmM NaF and enzyme sample. In the control cuvette, MgC1 2 
was replaced by a lOmM Na2 EDTA. (This allows correction for 
hydrolysis by other phosphatases such as glucose 6-phosphatase which 
2+ do not require Mg ions (HUbscher and West, 1965). When assaying 
gradient fractions, however, the inclusion of the EDTA control was 
found to be unnecessary). The reaction was initiated after Smin 
preincubation at 25°C by the addition to both cuvettes of p-nitrophenyl 
phosphate, final concentration lOmM. The change in absorbancc at 
420nm was monitored continuously in a Varian Techtron Recording 
Spectrophotometer . -1 -1 An extinction coefficient of 14,000 Z.mol .cm was 
use<l when calculating the specific activity of alkaline phsophatase. 
(b) Ecto-p -nitrophenyl phosphatase (EC 3.1.3.l) 
Intact microplasmodia were suspended 1:1 (v/v) in lOOmM Tris-llCl 
(pH 9 . O), 0. 2M sucrose, lOmM MgSO 4 , 4mM KF. After Smin incubation at 
room temperature the reaction was initiated by addition of 
p-nitrophenyl phosphate to lOmM final concentration. The final volume 
was 1 ml. After incubation for varying periods of time the reaction 
was terminated by rapidly sedimenting the microplasmodia at 0°C. The 
supernatant was subsequently decanted and the absorbance at 420nm 
was recorded immediately. 
-1 -1 An extinction coefficient of 14,000Z . mol .cm 
was use<l to calculate specific activity . Controls containing all 
reagents except substrate were also included to account for any change 
in absorbance due to pigment release during centrifugation . 
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(c) S'-Nucleotidase (EC 3.1.3.5) 
Subcellular fractions were suspended in 5.0mM Tris-HCl, (pH 7.5), 
lOmM MgC1 2. After Smin incubation the reaction was initiated by the 
addition of 5'-AMP to a final concentration of SmM. The total reaction 
volume was 1.0ml. After incubation for varyi~g periods of time at 37°C, 
the reactions were terminated by the addition of· 1ml 10% TCA to each 
incubation. The suspension was cleared by centrifugation and phosphorus 
determined on an aliquot of the supernatant . The pellets were assayed 
for protein. Reagent blanks containing all reagents except enzyme, 
and sample blanks (minus substrate) were also assayed . 
(d) Adenosine Triphosphatase (EC 3.6.1.4) 
The method used was essentially that described by Hodges (1976) . 
The reaction mixture contained lOmM MES (ph 6 . 0), 3mM MgC1 2, and SmM 
ATP. Reactions were initiated by the addition of subcellular fractions 
containing 0 . 2 - 0.4mg protein to the reaction mixture such that the 
final volume was 1.0 ml. After incubation at 25°C for lSmin in a 
shaking water bath, 200µ1 aliquots of the reaction mixture were added 
to 4ml of ice cold molybdate reagent in order to measure phosphate 
release (Robblee et al ., 1973). 
+ + The effects of Na and K on ATPase activity were tested by including 
these ions in the reaction medium. Sample blanks and reagent blanks 
were also determined. 
(e) Acid Phosphatase (EC 3.1.3.2) 
Acid phosphatase activity was determined by adding enzyme extract 
(0 .1 - 0.4mg protein) to an i ncubation mi xture which contained SOmM 
sodium acetate buffer (pH 4.0), SmM MgC1 2 and 20mM p-nitrophenyl phosphate 
i n a final volume of 1.0 ml. After incubation for 20min at 25°C in a 
slwking w.itcr l>;1Lh, LOO or 200µ1 :lli4uots were remove<.l a11d a<.lt.led to 
3ml of O. SM Trj s base (not pl! adjusted) and immediately vortcxcd. 
p -nitrophenyl release was calculated using an extinction coefficient 
of 14,000 Z.mol- 1 . cm-l at 420nm . 
(f) Succinate Dehydrogenase (EC 1.3 . 99.1) . 
Succinate dehydrogenase was assayed using a modification of the 
method described by Arrigoni and Singer (1962) . The reaction cuvette 
contained, in a £inal volume of 3 . 0 ml, lmM KCN, 20mM sodium succinate, 
and 0 . 2 - 0 . 4mg protein in mitochondrial respiration buffer which 
consisted of 87.SmM KCl, 175mM mannitol, lOmM MES (pH 6 . 0), lOmM KH/04, 
The mixture was incubated for Smin and the reaction initiated 
by rapid addition of DCPIP and PMS to give final concentrations of 
lOOµM and lmM respectively . The decrease in absorbance of DCPIP at 600nm 
was recorded in either a Varian Techtron Recording Spectrophotometer 
or a Pye-Unicam SP800 Recqrding Spectrophotometer. An extinction 
-1 -1 
coefficient of 21,000 Z.mol . cm was used when calculating the 
specific activity of succinate dehydrogenase at 600nm (King and Howard, 
1967) . In order to eliminate any possibility of DCPIP and PMS being 
rate limiting in the enzyme assays, the concentrations of these 
electron carriers were varied to obtain optima l assay conditions for al l fracti 
(g) Protein 
Protein was estimated according to the method of Lowry et al . (1951) 
using crystalline bovine serum albumin as the standard. Whole 
microplasmodia were precipitated with co l d 7% TCA, washed once with TCA 
and redissolved in 0 . 4M NaOH prior to assay. 
(h) Pho s phorous 
Phosphorous was determined by the method of Ames (1966) using 
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(i) DNJ\ 
Samples containing 10 - SOµg were precipitated with 0 . 75M perchloric 
aci d (PCA) at 0°C for at least 30 min. The precipitate was sedimented 
by centrifugation in a benchtop centrifuge and washed twice with ice cold 
O.SM PCA. The acid insoluble pellet was resuspended in 0.5ml O.SM 
PCA and heated at 70°C for 20 min. Hydrolysed DNA was obtained by 
centrifugation and the pellet was heated and extracted once more 
as above. All extracts were pooled and analysed for DNA using 
diphenylamine reagent (Burton, 1956). 
Pigment from Physarum was also extracted during the process. 
Although this caused a noticeable colour change of the samples, pigment 
does not interfere with the DNA assay because of the large 
separation in absorption maxima (Fig. 2.1). 
(j) Pigment 
1 ml of microplasmodia was sedimented in a bencht6p centrifuge 
and the pe ll et extracted with 6ml 4% (w/v) TCA in 50% (v/v) acetone 
for 20 min at room temperature. The extracted microplasmodia were 
sedimented and the absorbance of the supernatant at 415nm was recorded. 
2.2.6 Electron Microscopy 
(a) Transmission Electron Microscopy of Microplasmodia and Putative 
Plasma Membrane 1:ractions 
Samples were fix din 2.5% (v/v) glutaraldehyde, 2 . 0% (w/v) 
paraformaldehydc in 20mM citric acid - sodjum citrate buffer (p11 6.0), 
lmM CaC1 2 for lh at room temperature. 
The samples were washed three 
times in the same buffer, post-fixed in 1% (w/v) Os04 in 20mM citric 
acid - sodium citrate buffer (pH 6.0), lmM CaC1 2, washed and dehydrated 
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Fig. 2 . 1 - Absorption spectra of diph enylamin e -DNA complexes. DNA was 
extracted from microplasmodia of Phys&wn as described in 
t he text . The absorption spectrum of the coloured solut ion 
which result ed after 15 - 17 h incubation of the extracted 
DNA with diphenylamine reagent at 37°C is s hown in the 
figure (A) . Calf-thymus DNA was a l so incubated with 
diphenylamine reagent. The absorption spectrum of the 
coloured solution which developed is also shown (B). The 
DNA- diphe11ylamine complex has an absorpt ion maximum at 600nm . 
The co l our of the pigment whi ch is also extracted from Phys&wn 
has an absorption nw ximum of 4 l 5nm. Because this is clear ly 
separat ed fro m the peak i n absorp t ion at 600nm , the pigment 
s hould not interfere with the co lourimetric estinwtion of DNA 
at 600 nm. 
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through ;111 ;1c: cto 11 c ser i es. The dchydr:1tcd m:1tcri:il w:1s cmlJcddcd in 
Durcupan ACM according to the manufacturers specification (Polaron 
Equipment Inc., Watford, England) and sectioned on a Reichardt 
Ultramicrotome. Sections were desta.i.ncd in 1% (w/v) 11I04 and post-stained 
in 1% (w/v) phosphotungstic acid in 10% (w/v) chromic acid according 
to the procedure described by Roland et al . (1972). The stained 
sections were examined in an Hitachi HU 12 e lectron microscope at an 
accelerating voltage of 75kV. 
Subcellular fractions were also examined after negative staining 
with 2% (w/v) aqueous ammonium molybdate neutralized with lM NaOH . 
To improve spreading of the stain BSA was added to the sample at a 
final concentration of 1 mg/ml . Samples were placed on parlodion and 
carbon coated grids and left for 1 - 2 min. Most of the liquid was 
then removed using the capillary action of filter paper. A drop 
of stain was subsquently applied to the thin film of material remaining 
on the grid. After 30s the stain was removed with filter paper . 
The s tained samp l e 1vas air dried and examined .in the electron microscope. 
(b) Cytoch mical Localization of Alkaline Phosphatase in 
Microplasmodia 
The procedure used is based on that described by Bowers and Korn 
(1973). Microplasmodia were harvested, washed once in PWS, and fixed 
in glutaraldehyde/paraformaldehyde fixative as described above. The 
fixed microplasmodia were subsequently washed in PWS followed by lOOmM 
Tris-HCl (pH 9.5) . 500µ1 of the washed microplasmodia were added to 
t he r action mixture which cont ained lOOmM Tris- IICl (pH 9 . 5), 3mM 
sodi um ci trate, 3mM leaJ nitrate, 5mM MgC1 2 , and lOmM r- nitrophenyl 
phosphate .in a final volume of 2.0ml. Incubations were carried out for 
30 mjn at room temperature with gentle agitation . After incubation , 
mi croplasmodia were sediment ed by centrifugation, washed three times 
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with 100111M Tris-llCJ (pll 9.5), post-f"ixcJ in J 0.; (w/v) Oso
4 
(uq) for 
lh washed three times in lOOmM Tris-IICl (pH 9. 5), and <lehy<lrated 
and embedded as previously described. Thin sections were stained with 
2% (w/v) uranyl acetate (aq) followed by lead citrate (Reynolds, 1963) 
as described in section 3.2, and examined in an Hitachi HU 12 electron 
microscope. 
In order to test for non-specific cytochemical staining various 
controls were included. Thus sodium citrate and lead nitrate were 
omitted from one incubation and p -nitrophenyl phosphate was omitted 
from another. KCN (lOmM), which is an inhibitor of alkaline phosphatase 
was included in one incubation mixture and lOmM EDTA, which inhibits 
glucose-6-phosphatase, was included in another . Microplasmodia which 
had been heated in a boiling water bath were also tested for alkaline 
phosphatase activity cytochemically. 
2.2.7 Reproducibility of Results 
Unless otherwise stated results presented in section 2.3 are those 
obtained from single experiments. In all cases at least 2 similar 
experiments (usually 3) were performed. In all instances, the results 
from similar experiments showed the same relative trends. However, due 
to variability in size and age of microplasmodia from one culture to 
another, some variability in the absolute specific radioactivities were 
found. The variation was never greater than 25% across sets of similar 
experiments. 
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2.3 ltcsults untl Discussion 
2.3.1 Preliminary Investigations into Possible Marker Enzymes for 
the Plasma Membrane of Physarwn 
(a) 5'-nucleotidase 
S'-nucleotidase is the most commonly quoted marker enzyme for plasma 
membranes of mammalian cells (Solyom and Trams, . 1972; de Pierre and 
Karnovsky, 1973). When this enzyme is assayed in subcellular fractions 
of Physarwn~ however, nearly 90% of the total activity is found in the 
soluble fraction (Table 2.2) . An examination of the properties of 
S'-nucleotidase in microplasmodia shows that it has little substrate 
specificity being equally active in hydrolyzing 5'-AMP, 3'-1\MP and 3'-IMP. 
These results indicate that 5'-nucleotidase may not be suitable as 
a mark er for the plas ma membrane of Physarwn. Previous studies on 
other organisms suggest that S'-nucleotidase may have only limited 
application as a marker enzyme for plasma membranes in lower eukaryotes. 
In Di ctyosteliwn discoidewn, for example, Rossomando and Cutler (1975) 
and Gilkes and Weeks (1977) found the enzyme to be plasma membrane 
associated. In contrast, Green and Newell (1974) found that only 
30% of the tot a l S'-nucleotidase activity is plasma membrane associated 
in this organ i sm. The remaining 70 % of the activity in Dictyosteliwn 
is in the soluble fraction . S'-nucleotidase was also found to be 
associated with plasma membranes isolated from Acantharnoeba castellanii 
(Schult z and Thompson, 1969). However, cytochemical studies indicate 
that the en zyme is not plasma membrane-bound in this organism (Bowers 
and Korn, 1973). It was proposed that the activity in Acantharnoeba 
results from the action of a non-specific phosphatase . 
There is also some doubt about the exclusive localization of 
S ' -nucl eotidas in mammalian plasma membranes. After studying results 
showing distribution of S ' -nuc l eotidase activity in a number of tissues, 
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Table 2 . 2 - S'-nucleotidase activities in subcellular fractions 
of Physarum. 
Fraction S'-nucl eotidase 
Specific activity Total activity 
(nmoles Pi/min/mg protein) % 
Homogenate 1. 89 100 
SOOg pellet 1.08 2 . 6 
3000g pellet 1.40 0.8 
27000g pellet 0.33 0 . 7 
100000g pellet 0 . 30 0 . 5 
100000g supernatant 2.04 88 . 7 
Microplasmodia were harvested, washed, homogenized, and subfractionated 
by differential centrifugation as described in section 2.2.4 (a) . 
The 27000g supernatant was centrifuged at 100000g for lh to sediment 
all but soluble proteins. All fractions and the homogenate were 
assayed for 5 ' -nucleotidase as described in section 2. 2.S (c). Total 
activities in each fraction are expressed as percentages of the total 
activity in the homogenate. 
so. 
Solyom :111d Tr;1ms (1972) co nc]u<lc<l tlwt acti_vity js <lcrjvc<l from a group 
of isoenzymes. Only one or two of them appear to be intimately 
associated with the plasma membrane. 
(b) + + * (Na , K )-ATPase 
+ + (Na, K )-ATPase is thought to play a role . in the maintenance 
of th e cation composition of the cell interior. Because the plasma 
membrane also appears to be involved in this function, it is to be 
+ + 
expected that a Na /K exchange ATPase should occur at or near, the cell 
surface. Indeed, the bulk of evidence from studies on mammalian cells 
+ + indicates that (Na, K )-ATPase is tightly associated with and confined 
to the plasma membrane (Hokin and Dahl, 1972; Solyom and Trams, 1972; 
de Pierre and Karnovsky, 1973). 
Studies on the cellular localization of this enzyme usually rely 
on subfractionation studies. However, most cells contain many 
enzymes capable of hydrolyzing ATP. Furthermore, these enzymes are 
distributed throughout subcellular fractions . In order to assay 
specifically for (Na\ K +) -ATPase, therefore, it is usually assumed that 
this enzyme is s t.i.mul ated synergistically by sodium and potassium. 
However, this assumption has not always proven to be valid. Some 
bacteria and plant cells, for example, have ATPases associated with their 
plasma membranes which are stimulated by potassium alone. Combinations 
of sodium and potassium do not increase the extent of this stimulation 
(!lodges, 1976) . 
The effects of sodium and potassium, either individually or in 
2+ 
comb.i.na tion were tested on Mg -dependent ATPase activities in 
subcellular fractions of Physariwn . In the experiment described in 
Abbrev.i.at.i.on: (Na+, K+)-ATPase , Na+-plus K+-stimulated adenosine 
triphosphatase. 
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T<1ble 2.3, theTe is a stimulation of /\TPase actjvity of nbout 50% 
+ in the 3000g pellet when 50mM K is included in the reaction mixture. 
This could not be observed consistently when a number of similar 
experiments we re performed. + No stimulation by K could be seen in 
a ny other subcellular fractions. Similar results are obtained when 
sodium (50mM) or sodium plus potassium (25mM cnch) arc included in the 
renction mixture. The effect of ouabain, an inhibitor of mammalian 
2+ Mg -depend ent ATPases, was also tested on subcellular fractions of 
Physarwn . 
(Table 2 . 3) . 
This does not inhibit enzyme ac tivity in any of the fractions 
The inabi lity to observe consistent and significant stimulation 
+ + + + 
of (Na , K )-ATPase by K, Na, or a combination of both, suggests that this 
enzyme may c1lso be unsuitable as a mat·ker for plasma membranes of Physarurn . 
Similar result s to those just descr ibed were obtained previously for 
Acanthamoeba (Schultz and Thompson, 1969; 
Dictyosteliurn (Green and Newell, 1974). 
Uls amer et al ., 1971) -and 
+ + Conversely, (Na, K )-ATPase 
has been found to be associated with plasma membrane of Neurospora 
(Scarborough, 1975). However, as shown in Table 2 . 1, the specific 
activity of thi s enzyme in the isolated plasma membrane is only two-fold 
greater than that in the homogenate. 
(c) Alkaline Phosphatase 
/\l kaline phosphatase has been found to be a s uitable marker for 
plasma membranes of several lower eukaryot es (Table 2 .1). Therefore, 
the localization of this enzyme was a l so investigated in Physar•urn. 
Before analysing subcel lular fractions of an homogenate of Physarurn , 
however, i nt :.ict microplusmoclin were assnyecl for the 1nesence of nn 
ecto-alkaline phosphatase (see section 2.l. 2(a)) . As s hown in Table 2.4, 
an ecto-p- nitrophenyl phosphatase activity could be demonstrated. 
Approximately 90% of this activity is inhibited by lOmM EDTA. Thus, 
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2+ Table 2.3 - Actjvjties of Mg -dependent-ATPase in suhcellulnr 
fractions of Physarwn. 
Fraction Specific Activity 
(nmol Pi/min/mg protein) 
+ + 
-K +K +ouabain 
Homogenate 89.3 84 . 7 87.3 
500g pellet 89.5 101. 5 88.3 
3000g pellet 81. 5 119 . 7 75.3 
27,000g 
pellet 65 . 8 83.3 66 . 0 
Supernatant 66 . 5 61. 2 63.3 
Microplasmodia were harvested, washed and homogenized and subcellular 
fractions were prepared by differential centrifugation as 2described in section 2.2.4 (a). The fractions were assayed for Mg +-dependent-
ATPase activity in the presence and absence of SOmM KCl as described 
in section 2.2.5 (d). The effect of O. OlmM ouabain in the incubation 
mixture was also tested . 
s~ . 
Table 2.4 - Alkaline phosphatase activities in intact and homogenized 
microplasmodia of Physarwn. 
Sample Specific .Activity 
(nmol Pi/min/mg protein) 
Intact microplasmodia + Mg 2+ 
Intact microplasmodia + EDTA 
Supernatant from intact microplasmodia 
Homogenized microplasmodia 
0.70 
0.07 
n.d . 
1. 35 
Microplasmodia were harvested, washed and assayed for ecto-alkaline 
phosphatase activity in th e presence of either lOmM MgS04 or lOmM EDTA as described in section 2.2 . 5 (b). Microplasmodia were also 
incubated jn assay conditions without substrate for 15min. The 
supernatant was subsequently removed a nd assayed for alkaline 
phosphatase activity . Amjcroplasmodial homogenate was also assayed 
for alkaline phosphatase activity as described in section 2. 2 . 5 (a). 
n.d., not detected. 
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only ;1i>oul 10~, or the mc;i surcu ;1ct ivity prob;1l>Jy results from othce 
phosphatases such as glucose-6-phosphatase . It is thought that these 
enzyme s are resistant to inhibition by EDTA (Hubscher and West, 1965). 
No ecto-alkaJjne phosphatase activity co ulc.l be c.l etectec.l wh en other 
substrates, such as B·g lycerophosphate or S'-AMP were test ed . 
To ensure th at the activity being measurec.l i n intact micropl as moc.lia 
was not due to intracellular enzymes being released during the assay, 
microplas moc.lia were incubated in assay co nd i tions for lSmin without 
substrate. They were subsequently pe lleted and the supernatant removed. 
When p -nitrophenyl phosphate is added to this supernatant, there is 
no det ectabl e change in absorbance at 420nm. Thereford, alkaline 
phosphatase is probably locali zed on the extrace llular as pect of the 
pl asma membrane in Physarwn. When homogeni zed mi croplasmodia are 
assayed for alkaline phosphatase however, there is nearly a two-fold 
increase in specific activity over that measur ed in intact microplasmodi a 
(Table 2 . 4). It appears, therefore, that this enzyme may not be 
loca li zed exc lusively on tl1 e external surface of th e pl asma membrane. 
To examine further the localization of alkaline phosphatase in 
mi croplasmodi a of Physarwn , electron microscope cytochemistry was used . 
Fig . 2 . 2a is a thin section through a paraformaldehyde/glutaraldehyde-
fixed microplasmodium which was incubated with p-nitrophenyl phosphate 
and lead citrate as described in section 2.2 . 6 (b) . Large numbers of 
electron-dense granules are pres ent on the extracellular aspect of the 
plasma membrane . At higher magnification (Fig. 2. 2b), th ese granules 
are seen to be characteristic of granules described as alkaline 
phosphatase reaction products in oth er cells after similar treatment. 
There are no granules associated with nucl ei (Fig . 2 . 2c) , mitochondri a 
(Fig. 2 . 2a) or t he cytoplasm . However, deposits are present along the 
membrane of cytoplasmic vacuoles . 
Fig. 2 . 2 Electron micrographs of the cytochemical localization of 
alkaline phosphatase in microplasmodia of Physarum . 
(a) Section showing the distribution of elect ron-dense 
granules around the external surface of the plasma 
membrane (P) . Some deposits are also present on the 
inner surfaces of the membranes of cytoplasmic vacuoles . 
These are more sparsely distributed than on the plasma 
membrane. None are associated with mitochondria (M) 
or the cytoplasmic matrix. 
(b) Higher magnification of a region of the surface of 
cytochemically stained microplasmodia. Reaction 
product is only present on the external surface of the 
plasma membrane . No deposits are associated with the 
vacuolar membrane in this section . 
(c) Section . showing that there are no electron-dense 
granules associated with nuclei (N) or cytoplasm . 
Some deposits are p~esent within a cytoplasmic vacuole (V). 
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V;1rious controls were examined to minimize th e possibility of 
the patter~s observed being due to non-specific binding of the capture 
reagent to the plasma membrane. In the absence of substrate or in the 
presence of inhibitors (2mM KCN or lOmM EDT/\) little or no reaction 
product is obs erved. Similarly, no reaction product is observed in 
microplasmodia which have been boiled for 20min prior to incubation in 
the reaction medium. 
A further approach to the localization of alkaline phosphatase i n 
Physarum was to examine the distribution of enzyme activity in 
subcellu l ar fractions of homogenized microplasmodia. The results of 
this study are shown in Table 2.5. Alkaline phosphatase is located 
l argely in the 3000g pellet where 60% of the tota l activity is found. 
There arc also s maller quantities of activity in the 500g pellet 
(20%), 27,000g pellet (8 %) and the supernatant (6 %). Specific activity 
is enriched by about 3-fold in the 3000g pellet in comparison with 
that in th e homogenate . 
Results derived from the three different techniques discussed 
above sugges t that alkaline phosphatase may be plasma membrane associated . 
However, evidence is not clear enough to unequivocally assign this 
activity to the IJlasma membrane. Therefore, an a lt ernative approac h 
for identifying the plasma membrane was adopted . This involves the 
introduction of an independent marker c125 I) which l abe ls specifically 
cell surfac proteins when conditions are optimal. 
2.3.2 Lactoperoxidase Catalyzed Iodination of th e Cell Surface 
(a) Labelling of Red Blood Cell Membranes 
Before attempting to iodinate microplasmodial plasma membranes, the 
method used by Hubbard and Cohn (1972) was applied to red blood cells. 
This was performed as a check to establish that the reagents were active 
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Table 2 . 5 - Alkaline phosphatase activities in subcellular 
fractions of Physariwn microplasmodia. 
Fraction 
Homogenate 
500g pellet 
3000g pellet 
27000g pellet 
Supernatant 
Alkaline Phosphatase 
Specific Activity 
(nmol Pi/min/mg protein) 
1. 57 
1. 54 
4.26 
1. 26 
0.25 
Total Activity 
(%) 
100 
20 
60 
8 
6 
Microplasmodia were harvested, washed, homogenized and subfractionated 
as described in section 2.2 . 4 (a). Alkaline phosphatase activity was 
determined in all fractions as described in section 2 . 2.5 (a) . Total 
activities are expressed as a percentage of the total activity in the 
microplasmodial homogenate. All assays were performed in duplicate. 
l 
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in specifically lab e lling membrane proteins. The advantages these 
cells have as a test system are that their membranes can be easily 
purified and that optimal labelling conditions have been well documented 
(Phillips and Morrison, 1971; Hubbard and Cohn, 1972; Tsai et al ., 1973) . 
Red blood cells were incubated in shaken reaction mixture for 
periods of up to 20min as described in section 2 . 2.3 (a) . After 
stopping the reaction with 10-SM Na 2s2o3 in 310DB, cells were washed 
in 310DB and lyse<l in 20DB . All these steps were performed at 0-4°C . 
Washed erythrocyte ghosts and the lysis supernatants (which contained 
predominately haemoglobin) were assayed for TCA precipitable 
radioactivity. As shown in Fig . 2 . 3, incorporation of the label into 
the erythrocyte membrane is linear during the 20min incubation . More 
h 98° f h 125 I . . d . h I I . d 1 I tan 7a o t e is associate wit t1e g1ost proteins an ess t1an 
2% is associated with cytoplasmic components (i . e. the lysis supernatant). 
Thi s verifies the resul ts obtained by Hubbard and Cohn (1972) and 
indicates that lactoperoxidase is active in specifically labelling 
plasma membrane proteins of erythrocytes. 
(b) Optimization of Labelling Conditions for Microplasmodia of 
Physarwn 
In initial attempts to iodinate plasma membranes of Physarwn. 
microplasmodia, simil ar l abelling conditions to those fou·nd to be 
optimal for red blood cells were used . Microplasmodia were harvested 
and resuspended 1:1 (v/v) i n O.lM sodium phosphate buffer (pH 7 . 4) . 
They were then i ncubated for varying periods of time with l actoperoxidase , 
glucose oxidase, I 125 and glucose at the concentrations used to l abel 
red blood cel l s (section 2 . 2 . 3 (a)). In order t o verify the specific 
localization of labe l at the ce ll surface of red blood cells , the cells 
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40 
30 
20 
10 
5 10 
Time of incubation 
ghosts 
Lysis 
supernatant 
15 
(min) 
20 
Red blood cells were Fig. 2.3 - Iodination of human red blood cells. 
iodinated for varying periods of time as described in section 
2.2.3 (a) . Iodinated cells were washed with ice-cold 3100B 
and lysed with ice-cold 200B . Lysed cells were sedimented 
by centrifugation (25,000g for 4Smin). The supernatant was 
removed and assayed for protein and TCA-precipitable 
radioactivity (lysis supernatants) . The lysed, pelleted cells 
were washed three more times with ice-cold 200B and then 
assayed for protein and TCA precipitable radioactivity (4-step 
ghosts). 
•-• , 4-step ghosts. •-• , lysi s supernatant 
--
I 
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were ly sc d ;111d s ul>j cctc <l to high s peed cc11tri fug;1tio11. i\1wlysis of 
the supernatant indicates that there is no intracellular labelling 
(Fig. 2 . 3). Similarly, labelled microplasmodia of Physarwn were 
lys ed by homogenization and centrifuged at 100000g for lh. Analysis of 
the distribution of label between the pellet and supernatant indicate 
that more than 50~0 of the 125 I 1·s · d · b incorporate ~nto solu le proteins 
(i . e. the 100000g supernatant) . 
Iodination of microplasmodia in the manner described above 
therefore appears to result in significant intrace llular labelling. 
This suggested that lactoperoxidase-catalysed-iodination may be unsuitable 
in providing a reliable marker for plasma membranes of microplasmodia. 
llowever, it is possible that the surface topography of the Physarwn 
plasmodium is more complex in organization than human blood cell 
membranes. Thus, it may be unreasonable to expect that conditions found 
to provide optimal surface labelling of erythrocytes should also apply 
to more complex cell types. Internal labelling has also been found to 
occur in Dictyoste"liwn (Green and Newell, 1974), in cultured HeLa cells 
(Tsai et al ., 1973) and in cultured Chinese hamster ovary cells (Juliano 
and Behar-Bannelier, 1975) when optimal reaction conditions are departed 
from. 
Because of the specificity of the lactoperoxidase-ca talyzed-
iodination reaction (section 2.1.2 (b)), possible explanations for 
internal labelling are that the enzyme is entering the cell or that the 
organism contains endogenous peroxidases. These enzymes coul d be 
capable of iodinating cytop l asmic proteins because free iodide is 
readi ly permeable through the plasma membrane. 
To test for the presence of endogenous peroxi<lases in Physarwn , 
microp l asmodia were i ncubated with o-dianisidine and spectrophotometrically 
nssaye<l ut 460nm as described i n s ction 2.2.3 (d) . No change in 
absorba nce wa r corded. Homogenized microplasmodia were a l so assayed . 
I 
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Once again, no change in absorbance at 460nm occurs. From these 
experiments, lt was conc luded that labelling of cytoplasmic proteins 
is probably not occurring via endogenous peroxidase-catalyzed-iodination 
reactions. It was therefore concluded that the internal components are 
in some way accessible to the exogenous lactoperoxidase-I. An intact 
plasma membrane is impermeable to this complex. · If this membrane is 
damaged however, cytoplasmic components would become accessible to the 
enzyme. An electron-microscopical examination of microplasmodia 
iodinated in O.lM sodium phosphate buffer (pH 7.4) reveals significant 
disruption of the plasma membrane (Fig. 2.4). Much of the plasma 
membrane is vesiculated and detached from the underlying cytoplasm. 
isolated fragments of cytoplasm enclosed with plasma membrane are also 
present. Mitochondrial disruption is also apparent . 
A careful examination of th e various parameters involved in the 
labelling process was subsequently undertaken to establish possible 
Some 
causes of membrane lysis. · It was noticed that a small amount of pigment 
is released from microplasmodia during the washing procedure. When 
microplasmodia are shaken in O.lM sodium phosphate buffer (pH 7.4) for 
30min (i.e., in simi l ar conditions to those used in the iodination reaction) 
a substantial amount of pigment is released. Electron microscopical 
examination of mi crop lasmodia treated in this manner reveals significant 
lysis similar to that shown in Fig. 2.4. In order to minimize this, 
a variety of buffers was tested for microplasmodial lysing ability . The 
quantity of pigment released after incubation for 30min in various buffers 
was used as an index of plasma membrane lysis (section 2.2.2). 
20mM citric acid-sodium dtrate buffer (pl! 4.6) (Dawson et al ., 1972) 
containing 2 . SmM CaC1 2 was found to cause minimal lysis . 
This solution, 
which will he r cfc 1-i-cd to hcrc;iftcr :..is Ph!J ,,O F1on w;i h so]ut.ion, or PWS, 
2+ 
resembles growth med ium in pl! and Ca ion co ncentration. Citric acid 
Fig. 2.4 Section through a microplasmodium of Physarwn which has been 
iodinated for 30 min in O. lM sodium phosphate buffer (pH 7 .4 ) 
as described in the text. The plasma membrane (PM) has 
been ruptured and is highly vesiculated. Mitochondria (M) 
also appear to have been damaged significantly. Sections 
were destajned in 1%. (w/v l!I04 and tl1t.:n s Laincd in 1% (w/v) phosphotungstic acid in 10% tw/v) chromic acid as described 
in section 2.2 . 6 (a). Using this stain, the plasma 
membrane is thought to stain more intensely than other 
membranes (Roland et al. , 1972). 
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is also one of the buffer components of ~101 (section 2. 2 . 1). The 
presence of Ca2+ appears to be essential for the retention of structura l 
integrity of the plasma membrane . Indeed, as shown in Fig. 2.S a, 
. f 2+ concentrations o Ca as low as 250µm appear to minimize microplasmodial 
lysis significantly . lligh pH also has a detrimental effect on the 
integrity of the plasma membrane (Fig. 2 . Sb). Varying the pH between 
3.5 and 6 . 0 appears to have little effect on microplasmodial integrity. 
When increased above pH 6 . 0, however , significant lysis results . In 
a ll subsequent experiments, microplasmodia were washed and iodinated in PWS. 
Both glucose oxidase and lactoperoxidase were found to have 
significant activity in PWS (Table 2.6) . Indeed, lactoperoxidase has 
a higher specific activity in PWS than in O.lM sodium phosphate (pH 7 . 4) 
when all other variables arc unaltered . These observations indicate 
that PWS is suitable as a buffer for iodination reactions . 
After estab lishing optima l washing conditions for microplasmodia 
of Phy, arum , optimal conditions for iodination were determined. Tlw 
ffcct on i odi n:1ti on of such variables as time, iodide concentration, 
a nd ]act opcroxidase and glucose o.idase concentrations was examined. 
Vn ri at ions in the concentr a_tion of micropla smoclia used 1vere ::i l so t · cd . 
Tncorpor:1tion of rDdioDctivity wris measured by trichloracetic Dcic (TCJ\) 
prcc i.p·i t:1t ion onto glass fibre discs. Protein precipitation Dnd 
thorough rinsing in the presence of 127 I (SOm~!) ha been found to he 
PS 
necc ssnry to remove ridsorhed but unincorporated - I from labelled cells 
(Jlubbard and Cohn, 1976) . 
Microp]asmodia were harvested, washed twice, and ·esuspended 1 :1 
(v/v) in PWS . When resuspended in less than a_n equ:11 volume of buffer, 
mi.crop1D smodia aggregate and attach to the g1Dss walls of the iodination 
vcssC' I tlt11·ing Libe l I ing. Ts:1 i. ct al . (1973) suggested that :1ttcmrts 
to l :11> <' 1 l'<'li." :1t1:1c hcd tn so lid su r f:1ccs could rcs11lt in l:11'l'lli111 ,llhl"' 
-
--
Fig. 2.5 (a) - The effect of Ca 2+ concentration on microplasmodial lysis. 
Microplasmodia were incubated in 20mM citric acid-sodium 
ci2rate buffer (pH 4 . 6) with varying concentrations of Ca as shown in the figure . Pigment release (a 
measure of microplasmodial lysis) was determined by 
recording the absorqance at 415nm as described in section 
2. 2. 2. 
(b) The effect of pH on microplasmodial lysis . 
Microplasmodia were incubated in 20mM citric acid-sodium 
citrate buffer, 2.SmM CaC1 2 at varying pH as shown in the figure. Pigment release was monitored as described 
above. 
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Table 2.6 - Activities of lactoperoxidase and glucose oxidase 
in different buffers . 
Enzyme 
Lactoperoxidase 
Glucose oxidase 
Specific Activity 
O.lM sodium phosphate 
buffer (pH 7. 4) . 
0.18 
1. 34 
PWS 
0 . 71 
1. 56 
The specific activities of aqueous stock solutions of lactoperoxidase 
(Smg/ml) and glucose oxidase (O.Smg/ml) were determined in either of 
the above buffers as described in section 2.2.3 (d) . 
Lactoperoxidase activity is expressed as µmoles peroxide utilized/min/ 
mg protein. 
Glucose oxidase activity is expressed as µmoles peroxide generated/ 
min/mg protein. 
·' 
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th;:in exposed surL:ice proteins . In such systems the rnr.nn cJist:rncc hctween 
exposed ioclinatable sites on the cell surface and the Lactoperoxidase-I 
complex is l arger than in cell suspension . It was proposed that this 
complex has a finite life time and could dissociate into 
lactoperoxidase and an iodide radical if it did not meet such :1 
site during this period. Radicals can penetrate structures otherwise 
impermeable to the enzyme-I complex and iodinate them. If this does 
occur , low concentrations of cells could also lead to radical formation . 
For tl1ese reasons, c ncentrnted suspensions of micropln smodin were used . 
Concentrations of lactoperoxidase, glucose oxidase, and cold carrier 
sodium iodide were varied as shown in Table 2 . 7 . The extent of 
iodination depends on the concentrations of all these variables . 
Labelling increase. with increasing lactoperoxidase concentrations to 
lOOµg/ml. At higher concentration s , no further increase is achieved . 
Iodination also increases, a lthough not proportionally, with increasing 
concentrations of glucose oxidase . Deletion of either lactoperoxi
1
~se 
or gl 11cose oxidnse reduces incorporation into microplasmoclia by 
approxima ely 97%. These controls protect against the possibility of 
ox i dized forms of iodine being present in the incubation mixture. 
r dine is a highly rea t ·ive molecule and is r eadily permeable through 
the pl:1sm:1 mcmhr:1ne. r1 will reDct with double bonds i.n u11sntur:1tcd 
1·:1lty :1cids :ind c:111 :llso rC':ict non-C'n zym:1t icnlly 1vith tyrosine (llynes, 
Th L' prcst'11t·t' or iodine c:111 thcrcforl' lc:1d to :1 lo ss in 
·elecL i v ity ror pro eins exposed on the extcnwl s ur!":1 ce of the plnsmn 
membr,rn e . 
As shown in Table 2.7, there is an increase in the incorporation 
of L1hclled iodide into microplasmodia as concentrations of sodium iodide 
increa se to SµM. This indicates that more tyrosine 1·esiducc; can be 
re,1ctcd by ,1dding carrier n excess of the labelled i,didc . \\'hc1 
127 concentrations of Na 1 a:e increased cibovc 5µ I, however, there i~ 
6/J. 
Table 2.7 - Determination of optimal conditions for the enzymatic 
iodination of microplasmo<lia of Physarwn. 
Lactoperoxi<lase Glucose Oxidase Nal27I 
1251 . . 
-incorporation 
(µg/ml) (µg/ml) (µM) (cpmxio-4/mg protein 
0 s 0 0. 10 
12.S s 0 1. 07 
25 s 0 2 . 03 
so s 0 . 3.96 
100 s 0 6.76 
200 s 0 6 . 19 
500 s 0 6 . 66 
so 0 0 0 . 20 
so 1. 25 0 1. 93 
so 2.5 0 2 . 68 
so 5 . 0 0 3.47 
so 10.0 0 4.56 
so 10.0 0 4.26 
so 10.0 2 s·. 22 
so 10.0 s 6.68 
so 10.0 10 4 .71 
so 10.0 20 3.47 
0 10.0 s 0.14 
Microplasmodia were harvested, washed in PWS and labelled for 30min at 
25°C as described in section 2.2 . 3 (b) . The reaction mixture 
contained lOµCi Nal2Sr (0.6 - 0.9nmoles) and Sµmoles glucose in a 
total volume of 1.0ml. Concentrations of lactoperoxi<lase, glucose 
oxidase, and sodium iodide in the reaction mixture were varied as shown 
in the table. All determinations were done in duplicate. 
I 
(iS. 
a t.lccreasc in the extent of incorporation. lt is appurent, therefore, 
tl1at at concentrations of Nnl above SµM, all available iodination sites 
are saturated. Hubbard and Cohn (1972) observed similar effects of 
increasing concentrations of sodium iodide on the incorporation of 
radiolabellcd iodide into the erythrocyte membranes. Increased 
incorporation of label was found up to 2 .S µM sodium iodide. Above 
that concentation there is significant competition for the available 
iodination sites and the incorporation of radioactivity drops sharply. 
The nature of this competition reaction has not been investigated. 
When lactoperoxidase is omitted from the reaction mixture at high 
sodium iodide concentration, only 2% of maximal incorporation of lab e l 
into microplasmodia is observed. 
125 To determine whether I was being 
incorporated specifically into the cell surface proteins of Phy sa:rum, 
microplasmodia were labelled for varying times, homogenized, and 
fractionated by differential centrifugation. The distribution of label 
in subcel lular fractions is shown in Fig. 2 . 6a and b. As the period 
of l abelli ng is increased to 30min, there is an increase in the 
. . f 125 r . 11 f . 1ncorporat1on o into a ract1ons. The rate of increase into 
the 27,000g pellet (3,600 cpm/min/mg protein) exceeds the rate of 
incorporation into the 27 ,000g supernatant (400 cpm/min/mg protein) 
and into the 500g pellet (420 cpm/min/mg protein) by nearly 10-fold. 
7 ° f h 125 r . . t d Indeed, after labelling for 30min, about 01 o t e 1s 1ncorpora e 
into the 27,000g pellet (Fig. 2 .6a) . About 16% of the label is 
associated with the 27,000g supernatant after a similar period of 
iodination. When this material is subjected to high speed centrifugation 
0 h . d 1251 (100,000g for 60rnin) only 41 oft e total incorporate remains in 
the so luble fraction (100,000g supernatant). Thus, there appears to be 
littJc, if any, non -specific jodination of solub l e proteins. 
It is possib le that the l;:ictoperoxid;,ise-I complex could be 
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Fig. 2.6 - Incorporation of 125 r into subcellular fractions of Physarwn. 
(a) Total 1251 incorporated into subcellular fractions after 
microplasmodia have been labelled for varying times . 
(b) Specific activity of incorporation of 125 r into subcellular 
fractio ns after varying times of iodination. 
Micropla ·modia were harvested, washed in PWS, and iodinated 
for varying times as de s cribed in section 2.2.3 (b). Labelled 
microplasmodia were homo g nized and subfractionated by 
diff r ential centrifugation as described in section 2 . 2.4 (a) 
except t he 3000g x 6min st p was omitted . The homogenate and 
a ll subce llul ar fractio ns were assayed for protein and 
radioactivity . • --• , homogenate; ~--~ , SOOg pellet; 
• -- • , 27 ,000g pellet; 0--0, 27,000g supernatant. 
6:1. 
internalized into microplasmodia by endocytosis. llowever, this c.loes 
not invalidate the use of this method to provide a marker for the 
plasma membrane. The low labelling of so luble cytoplasmic proteins 
confirms that iodination components do not leak from anx plasma membrane 
vesicles which may have been internalized. Furthermore, the quantity 
of internalized plasma membrane would be small quring the 30min 
incubation period compared with that remaining at the cell surface which 
will continue to be iodinated for the duration of the incubation. 
2.3.3 . Homogenization and Subcellular Fractionation of Microplasmodia 
of Physa:r>wn 
(a) Microplasmodia1 Disruption 
The determination of optimal conditions for homogenizing a 
particul ar ce ll type is l argely empirical (de Pierre and Karnovsky, 
1973; Wallach and Lin, 1973). In preliminary investigations into the 
methods of homogenizing P~ysa:r>wn, several techniques were tested for 
their suitability of effective ly and consistently disrupting microplasmodia. 
In these experiments, microplasmodia were homogenized in 10 vol of 0.25M 
Tricine (pH 7 . 2) (ST-buffer) . The gross morphology of the homogenate 
was examined by phase contrast microscopy. 
Nitrogen cavi t ation (section 2.1.3 (a)) has been found to be 
suitable for ce ll disruption of several mammalian cell types (de Pierre 
and Karnovsky, 1973) . However, when this method is used with 
microplasmodia , ther e is excessive froth production when the material 
is returned to atmospheric pressure . This hinders subfractionation 
of the homogenat e and a l s o results in a decreased yield of material. 
It i s thought that the extracellular s lime s heath surrounding 
micropl asmodia is responsible for the generation of froth although this 
was not inv estigat ed further . 
A motor - driv n Potter-Elvehj em homogenizer (teflon/glass) and a 
68. 
IJottnce homogenizer (glass/glass) uppeur to be c4u .. llly effective 1.11 
disrupting microplasmodia when ten up-and-down cycles are used. 
However, Dounce homogenization yields more consistent disruption of 
microplasmodia from day to day. Therefore, this method was chosen 
in preference to the teflon/glass homogenizer . In most instances, 
a 40ml homogenizing vessel and Type A pestle were used. When smaller 
quantities of material were used, a 15ml homogenizing vessel with Type A 
pestle appeared to result in a similar extent of microplasmodial 
disruption. 
(b) Subcellular Fractionation 
As mention ed in section 2.1. 3, it is common practice, when 
attempting to isolate plasma membranes from any cell type, to try to 
maintain the structural integrity of intracellular organelles. If, 
for example, nuclei and mitochondria are disrupted, it may be difficult 
to separate their membranes from plasma membrane. Often, the addition 
of divalent cations to the homogenizing medium has been found to be 
useful in preserving nuclear structure. On the other hand, chelating 
ag nts such as EDTA and EGTA have been used to enhance the disruption 
of some mammalian cell types (see de Pierre and Karnovsky, 1973). Thus, 
the effects of diva lent cations and chelating agents on the subfractionation 
of Physa:r>wn were examined . 
Microplasmodia were homogenized in 10 vol of ST-buffer, ST containing 
2mM EDTA, or ST containing O.SmM CaC1 2 . The homogenate was 
fractionated i nto a 500g pellet, a 3000g pellet and a 27,000g pellet and 
supernatant as described in section 2.2 . 4 (a). This scheme of 
differential centrifugation was found to provide optimal separation of 
large frugme nt s of incompletely homog nized microplasmodia (500g pellet) 
from mitochondria (3000g pellet) and membranous material (27 ,000g supernatant). 
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The distrih11tio11 or DN/\ w:is determined i11 :ill fr:1ctions to determine 
the extent of nuclear damage . The results of these experiments arc 
summarized in Table 2.8. In the presence of O.SmM CaC1 2, 90% of the 
total ON/\ sediments 1n the 500g pellet. When CaC1 2 ls not added to the 
homogenizing medium or is replaced with 2mM EDTA, only 15% or 18% 
respectively of the total DNA sediments 111 the low speed pellet. It 
appears, therefore, that in the absence of divalent cations, there is 
significant nuclear damage . 
It is also apparent from the results shown in Tab le 2.8, that 
no 27,000g pellet is obtained in the presence of divalent cations. 
In this instance, nearly 40% of the total homogenate protein sediments 
in the 500g pellet. When the pellet is examined with the phase 
contrast mi cro scope, it is, apparent that all organelles have 
agglutinated . (Similar results were obtained when lower concentrations 
f 2+ Mg2+ 2+ o CaC1 2 were used or when Ca was replaced with or Mn ). 
This aggluti nation is caused by the presence of divalent cations 
(0 . 2 - 5 .0mM) in the homogenizing solution and is thought to be 
irreversible (Neville, 1976). 
An examination of the results shown in Table 2 . 8 indicates that 
the res p ctive subce llul ar distributions of protein and DNA when 
microplasmodia are homogeniz ed in either ST-buffer or ST cont aining 
EDTA, arc similar . However, agglutination of organelles is also 
observed frequently when micropl asmodia are homogenized and fractionated 
in ST-buffer. This is overcome when 2mM EDTA is added to the 
homogenizing solution. Thus, ST-buffer containing 2mM EDTA (SET) was 
used routinely as a microp lasmodial homogeni zing solution. 
The di stribution of protein, radioactivity, and enzyme activities 
in subcel lular fractions of iodinat cl micropl asmodia which were 
homogeni zed and fr ctionatcd in SET is shown in Table 2 .9. /\bout 5% of 
Table 2 . 8 - Distribution of DNA in subcellular fractions of a microplasmodial 
homogenate after differential centrifugation. 
ST-Buffer SET 
2+ ST-Buffer+ Ca 
Fraction Protein DNA Protein DNA Protein DNA 
% µg/mg % % µg/mg % % µg/mg % 
protein protein protein 
Homogenate 
500g pellet 
3000g pellet 
27000g pellet 
Supernatant 
100 13.4 100 100 14.0 100 100 12 . 3 100 
15 13 . 5 15 18 13 . 5 18 39 28.4 90 
20 31. 7 48 19 30 . 4 42 10 0.01 0 . 01 
8 19.9 12 8 28 . 4 17 n . d . n.d. n . d. 
49 1 . 2 4 51 2 . 7 10 42 1. 5 5 
Microplasmodia were harvested, washed with PWS, and homogenized in ST-buffer alone, in ST-buffer 
containing 0 . 5mM CaCl , or in ST-buffer containing 2mM EDTA (SET). The homogenates were . 
subfractionated by differentia l centrifugation as described in section 2 . 2 . 4 (a). All fractions 
were assayed for protein and DNA. Results expressed as percentages refer to the percentage of 
total protein or DNA in a fraction. The homogenate is 100%. All assays were performed in duplicate. 
n . d . Not detected . 
-..J 
0 
Subcellular 
Fraction 
Homogenate 
500g pellet 
3000g 
pellet 
27000g 
pellet 
Supernatant 
Table 2 . 9 - Subcellular distribution of enzyme activities and 1251 incorporation after 
fractionation of a microplasmodial homogenate by differential centrifugation 
Protein 
% 
100 
23 
15 
7 
49 
125 1 . . 1::sorporat1on 
cpmxlO / RSA % 
mg protein 
7.38 
7 . 23 
29 . 22 
15 . 72 
0 . 74 
1.00 100 
0 . 98 23 
3.96 57 
2.13 15 
0.10 5 
Alkaline 
Phosphatase 
specific 
activity 
(nmoles/min/ 
mg protein) 
1. 45 
0.97 
6 . 16 
0.54 
0 . 24 
% 
100 
15 
65 
4 
6 
Acid 
Phosphatase 
specific 
activity 
(nmoles/min/ 
mg protein) 
30 . 0 
56 . 4 
44.4 
20.4 
17.9 
% 
100 
43 
21 
7 
22 
Succinate 
Dehydrogenase 
specific % 
activity 
(nmoles/min/ 
mg protein) 
12.6 
10.6 
39.2 
12 . 0 
0.9 
100 
24 
46 
10 
3 
Microplasmodia were harvested, washed with PWS and iodinated, as described in section 2.2.3 (b). Labelled 
microplasmodia were washed, homogenized in SET, and fractionated by differential centrifugation as described 
in section 2.2.4 (a). The subcellular fractions were assayed for protein, radioactivity, and enzyme 
activities. Results are expressed as percentage of total activity in the homogenate and as specific 
activity . All assays were performed in duplicate and the results presented are the averages from two 
experiments performed on the same microplasmodial culture. RSA is the relative specific activity. 
-..J 
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125 the total I is associated with the 27,000g supernatant fraction. 
This low l evel of labelling indicates that lactoperoxidase-catalyzed-
iodination is specifically labelling the plasma membrane. It appears, 
therefore, that the plasma membrane is dispersed through the SOOg, 
3000g, and 27000g pellets . The majority, however, is present in the 
3000g pellet where 57% of total incorporated 1251 is recovered. There 
is also an enrichment in the specific activity of 1251 incorporation in 
this pellet by nearly 4-fold. There is a lower increase in specific 
activity (about 2-fold) in the 27000g pellet . 
The results for succinate dehydrogenase indicate that the majority 
of mitochondria also sediment in the 3000g pellet . Nearly SO% of the 
total activity, with a specific activity nearly three times greater than 
the homogenate, is present in this fraction. A smaller proportion of 
the mitochondria is present in the 27000g pellet. 
Acid phosphatase is an enzyme commonly used as a marker for lysosomes 
(de Duve, 1975). The results shown in Table 2.9, indicate that about 
40% of the lysosomes sediment in the low speed (SOOg) pellet. There is 
nearly a 2-fold enrichment of the specific activity of acid phosphatase 
in this fraction compared with that in the homogenate. The remainder 
of the acid phosphatase appears to be almost equally distributed between 
the 3000g pellet and the 27000g supernatant. Activity in the supernatant 
could be an indication that lysosomal damage has occurred during 
homogenization or differential centrifugation thus releasing the acid 
phosphatase activity. 
Most of the alkaline phosphatase activity (65%) is found in the 
3000g pellet where the specific activity is 4.25 times greater than that 
in the homogenate. This is simi l ar to the 
1251 composition of this 
fraction (57% of total activity and 4-fold enrichment of specific activity). 
The results s hown in Table 2 . 9 indicate that there is little alkaline 
phosphatase activity in t he 27000g pellet (RSA of 0.37, 4% of total 
I 
activity) . lnis js in contrast to a 2-fold increase in the specific 
t . . f 125 I . . . h f ac ivity o incorporation int is raction. From these results, 
it is difficult to assign alkaline phosphatase activity to the plasma 
membrane. 
It is apparent from the data in Table 2.9, that about 70% of the 
plasma membrane is present in the 3000g and 27000g pellets. The other 
major components of these fractions are mitochondria . Often, the 
3000g x 6min centrifugation step was omitted and the 500g supernatant 
was spun at 27000g for 30min. This results in a fraction similar in 
compositjon to a combination of the 3000g and 27000g pellets when 
obtained separately. Tl . f . . . f 12 5 I . . . 1e speci ic activity o incorporation into 
this " combination" 27000g pellet is about two-fold greater tha_n that of 
the homogenat~ although this does vary from about 1.90 to 3 .5. The 
low speed centrifugation step (500g x lmin) was always included in the 
differential centrifugation scheme. This removes large fragments of 
incompletely homogenized microplasmodia and a large proportion of nuclei 
(as assess d by phase contrast microscopy and DNA content). 
2 . 3.4 Sucrose Density Gradient Centrifugation 
In an attempt to isolate a fraction containing predominately plasma 
membrane, the 3000g and 27000g pellets were combined, resuspended by 
homogenizing in 10% sucrose, and layered on a continuous 20-60% sucrose 
density gradient . The gradient was centrifuged at 70,000g for 3h as 
described in section 2 . 2.4 (b). In most cases, a large pellet is formed 
at· the bottom of the tube after centrifugation. Because of this, it is 
difficult to fractionate the gradient by piercing the bottom of the 
c llulose nitrate t ub e and collecting fractions dropwise. Instead, 
fractions of equal volume (1 ml or 3 ml depending on tube size) were 
collected from the top of the gradient using a pasteur pipette with a 
bent tip. This was found to give comparable fractionation to dropwise 
I 
I 
I 
I 
:' , 
I 
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fractionntion when two similur grndients without pellets were 
fractionated . One was fractionated from the top with a pipette and 
the other was fractionated by collecting fractions from the bottom. 
Pellets were resuspended in a smal l volume (equal to the volume of 
other fractions) of homogenizing so lution before being assayed. 
The distrihution of protein, rndioactivity, ;111cl enzyme nctivities 
fol lowing sucrose density gradient centrifugation of the combined 3000g 
and 27000g pellets is shown in rig. 2.7. Most of the protein loaded 
onto the gradjent, is recovered in the pellet (36°0) a11<..l in a han<l 
centred on fraction 3 (33 %). This band of protein coincides with a 
peak in the distribution of succinate dehydrogenase activity. The 
specific activity of this enzyme in fraction 3 is about 8 times greater 
than that in the homogenate. This indicates that there has been a 
substantial purification of mitochondria away from the plasma membrane 
and other cytoplasmic components. An examination of the material in 
this fraction by phase contrast microscopy and electron microscopy 
verifies this. 'fhe fraction consists of a relatively homogeneous 
population of mitochondria with little contamination by other intracellular 
components . 
There is a five-fold increase in the specific activity of 
incorporated 125 r in the pelleted material in comparison with that in 
the homogenate (Table 2.9). This indicates that the pellet contains a 
l arge proportion of plasma membrane. Indeed, the low levels of 
radioactivity recorded in the remainder of the gradient suggest that 
almost all of the plasma membrane which was l~ad ed, has pelleted during 
centrifugation . . . 125 . f' . . As well as this incr ase in I speci ic activity, 
there is a 7.25-fold increase in the specific activity of a lkaline 
phosphatase in the p ll et over that m asured in the homogenate. This 
result could be interpreted as further evidence that alkaline pl1osphatase 
is an enzyme associated with the plasma membrane . Jlowever, this enzyme 
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Fig. 2.7 - Distribution of protein, radioactivity, and enzyme activities 
in a s ucrose gra lient . Iodinated microplasmodia were 
homogenized i n SET and fractionated hy differenti al centr ifugation 
(Table 2 . 9) . Th e 3000g and 27000g pell ets were combined by 
homogenizi ng in 10% sucrose (15 strokes in a 7m l Dounce 
homogeni zer , type B pestle) and layered on a 20-6096 continuous 
sucrose density gradient. After cent rifugation (70000g x 3h), 
t he gradient was fractio nated as described in the text. Protein, 
rad ioactivity, a nd enzyme acti vi ties were assayed i n a ll 
fractions . These det erminations are divided between two panels 
for c l arity . Fraction number O represents th e pellet . 
I 
I 
,, 
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is also present in fractions 4-8 of the gradient where the specific 
activity reaches about 4.6 nmoles/min/mg protein (about 3 times greater 
than that in the homogenate). 
this region of the gradient. 
There is no radioactivity associated with 
The distribution of acid phosphatase shown in Fig. 2.7 indicates 
that lysosomes are distributed throughout most of the gradient. A 
large proportion of acid phosphatase activity is recovered from the 
pellet. (The relative specific activity there is about 3.3). Some 
of the acid phosphatase activity (fractions 11 and 12) does not enter 
the sucrose gradient. This is an indication that lysosomes have been 
disrupted during preparation. It is a lso obvious from an examination 
of Fig. 2.7, that there is very little radioactivity associated with the 
soluble fraction (fraction 13) or the mitochondrial fraction (fractions 
1-4). This is a clear demonstration of the specificity of the 
lactoperoxidase-catalyzed-iodination reaction for the cell surface. If 
any non specific labelling were occurring it would be detectable in these 
fractions . 
2.3.5 Electron Microscopy 
From the foregoing discussion, it is apparent that attempts to 
isolate plasma membrane in high yield and purity from microplasmodia were 
unsuccessful. Following sucrose density gradient centrifugation of a 
; 
fraction partially enriched in plasma membrane, most of the radioactivity 
is recovered in a pellet which also contains lyso omes and mitochondrja, 
Before attempting to reduce the contamination of plasma membranes caused 
by other membranous organelles, tl1e morphology of the pelleted material 
was examined electron microscopically. When this was done, a stain 
consisting of 1% phosphotungstic acid in 10% chromic acid which is 
thought to stain pla s ma membranes of plant cells selectively (Roland 
et al ., 1972), was used in preference to conventional techniques. This 
I: 
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was done in anticipation that, in Physarum,plasma membranes might also 
stain more intensely than membranes of organelles. This could simplify 
the identification of plasma membranes in sections containing an 
heterogeneous population of membranes. (As shown previously in Fig. 2. 3, 
the plasma membrane of microplasmodia does appear to stain more intensely 
than the membranes of organelles). 
Fig. 2.8 shows the morphology of a representative section through 
the pellet material. The bulk of the section consists of membrane 
vesicles. Some are less intensely stained than others indicating that 
all of the membrane present may not be derived from the plasma membrane. 
There are also folded strands (or sheets) of membrane present (arrows). 
These are coated with amorphous material ·which resembles the cytoplasmic 
matrix of plasmodia. In some regions, this material appears to be 
completely surrounded by membrane. 
Large quantities of a more finely structured substance which also 
appears amorphous, are present in the section. When viewed at 
higher magniflcation, this material is seen to form a fine, filamentous, 
highly bran ched network (Fig. 2.9a). Some of the thread-like structures 
appear to be clos ely associated with darkly staining membranes of 
vacuoles . This fine filamentous network bears a clos~ resemblance to 
the extracellular slime which surrounds plasmodia (see Fig. 3.2a, Rhea, 
1966). 
In addition to th e network of thread-like material just described, 
thicker filaments are also present (F) . These have a diameter (7nm) 
similar to that of actin filaments (Pollard and Weihing, 1974) and are 
often found clos ely associated with membranes. Actin filaments have 
been found associated with plasma membranes of a number of different 
cell types (Pollard and Korn, 1973; Clarke et al ., 1975; Gruenstein 
e t a l . , 1975). The association between filaments an<l membranes will 
be dis cussed further in Chapter 4. 
Fig. 2.8 - Thin section of pelleted material after centrifugation of a 
combined 3000g and 27000g pellet through a 20-60% cont inuous 
sucrose gradient. The gross composition of the material 
is membranous although amorphous fragments of cytoplasm 
are also present. Membranes are present both as vesicles 
and as sheet-like structures (arrows) . Cytoplasm appears 
to be associated with the sheet-like structures . 
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Fig. 2 . 9b is an e lectron micrograph of a negatively stained 
preparation of the pellet material. l~e two different forms of membrane, 
vesicles (V) and sheets (S), are clearly demonstrated in this micrograph. 
The filamentous material seen in thin section cannot be identified in 
the negatively stained material. Intact mitochondria or nuclei were not 
seen in any of the preparations examined either in thin section or in 
negatively stained material. 
2.3.6 Alternative Approaches to the Isolation and Purification of 
Plasma Membranes from Physarwn 
Attempts were made to overcome coaggregation of microplasmodial 
components and thus free the plasma membrane from contamination with 
other intracellular components. The effects of pH or ionic strength 
variations and the presence of divalent cations or chelating agents in 
the sucrose gradients were tested. In all instances, coaggregation 
was not prevented and a pellet was formed after centrifugation of the 
gradi nt s at 70000g for 3h . M h 12SI .f. . ... oreover, t e speci 1c activities in 
these pellets were only 2 . 0 - 4.9 times greater than that of the homogenate. 
Increasing the cone ntration of sucrose in the bottom of th e gradient to 
65% (w/v) also failed to prevent pellet formation or increase the 
. .f. . . f 12SI relative speci ic activity o . 
Because filaments of similar diameter to actin were observed in 
sections of the pellet material, it was thought that these filaments 
could be partly responsible for coaggregation . To test this hypothesis, 
the fractions partially enrich ed in plasma membranes were incubated at 
4°C for 18h in various so lutions thought to depolymerize actin filaments . 
Thus, combination 27000g pellets were incubated in 0.6M KCl, or 0.3mM 
ATP, l.OmM imidazole-Cl, pH S (Pollard and Korn, 1973) or DNAase I (Smg/ 
mg protei n). DNIV1se I is thought to depolymeri ze skelet:il musc le actin 
filu mcnt s (!Li.tchco ·k e t al. , 19 76) . After incubation in uny of these 
Fig. 2. 9 - Electron micrographs of membranous material in the pellet 
after fractionation of a sucrose gradient. 
(a) Higher magnification of a thin section through a 
pellet. Membrane is present both as vesicles (V) 
and sheets (S). Note the complex network of 
fibrillar material. F, filaments 7nm in diameter. 
(b) Negatively stained 
pellet. Membrane 
rresent. 
preparation of a sucrose gradient 
sheets (S) and vesicles (V) are 
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solutions, the material was centrifuged through a sucrose density gradient 
as described previously. Once again, about 70% of the protein loaded 
was recovered from a pellet . 125I 1 . "f re at1ve spec1 ic activities ranged 
from 1 . 7 (incubation with ATP, imidazole, pH 5 . 0) to 4.9 (DNAase I). 
It was apparent therefore, that incubation in putative actin depolymerizing 
conditions was not suitable for overcoming coaggregation of plasma 
membrane with other organelles. 
The methods described so far rely on sucrose density gradient 
centrifugation of a fraction partially enriched in 125 I. In a number 
of other cell types, gradients of high molecular weight polymers such 
as dextran or ficoll have proven to be more suitable for purification 
of plasma membranes than gradients of sucrose (sections 2 .1 . 3 (b)). A 
combination 27000g pellet was resuspended in 5% ficoll and applied to a 
continuous 10 - 40% ficoll gradient (pH 7.2). After centrifugation at 
70000g for lh, tl1e gradient was fractionated and radioactivity and protein 
was estimated in all fractions . Of the protein loaded onto the gradient, 
64% was recovered from a pellet at the bottom of the centrifuge tube. 
The specific activity of 125 I incorporated into the pellet material was 
1.4 times greater than that in the homogenate. 58% of the total 
radioactivity loaded onto the gradient was also recovered from the 
pellet . Similar results were obtained from ficoll gradients buffered 
to pH 6.0 or pH 8.0 and with gradients of dextran. It is apparent, 
therefore, that centrifugation tl1rough gradients of ficoll or dextran 
does not overcome the problems of coaggregation found in gradients of 
sucrose. 
One method was found which overcame coaggregation and pellet 
formation. ·rhis involved sonication of material for 60s before it was 
applied to a sucrose density gradient . After centrifugation, about 40% 
of t he label initially loaded onto tl1e gradient was recovered in the 
40 - SO% sucrose region of t he gradient . 
I 
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II tl "f" . . f 125 1 . h" · owever, 1e spec1 1c act1v1ty o 1n tis material was only 
about 4-5 fold greater than that in the homogenate. Thus, it was thought 
that sonication could be causing damage to other organelles which could 
not be separated from plasma membrane using this method. In a<ldition, 
it was difficult to reproduce the conditions of sonication accurately 
and label was often distributed throughout the gradient. 
Two other methods were also tested. An aqueous two phase polymer 
system of dextran and polyethylene glycol (Brunette and Till, 1971) failed 
to separate a fraction enriched in radioactivity. 125 I was almost 
equally divided between a pellet and material at the interface of the 
two phases. Moreover, both fractions were found to have an heterogeneous 
composition of membranes and organelles when examined with phase 
contrast microscopy. 
A method based on the observation that various aldehydes and 
disulphide-blocking agents promote the formation and release of plasma 
membrane vesicles from cells in culture (Scott, 1976) was also tested 
on Phy"ar>wn. When microplasmo<lia were incubate<l with a range of 
conc ent rations of forma ldehyde, no membrane vesiculation occurred . 
Therefore, tl1is method also appeare<l to be unsatisfactory for the isolation 
of plasma membranes from Physarwn . 
,, 
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2.4 General Discussion 
It was pointed out in section 2.1 that the isolation of plasma 
membrane in high yield and purity from lower eukaryotic organisms is a 
difficult task. The descriptions of experiments presented in this 
chapte~ which were aimed at isolating plasma membranes from Physarwn, 
exemplify this. 
The major problem which arose at the beginning of this investigation 
was the unavailability of a suitable enzyme which could be used as a 
marker for the plasma membrane. Initial investigations of (Na+, K+)-
ATPase and 5'-nucleotidase activities in microplasmodia indicated that 
these enzymes would not be suitable as plasma membrane markers. 
Alkaline phosphatase, however, appeared as if it may be plasma membrane-
associated in Physarwn . Evidence from studies on intact microplasmodia 
and on subcel lular fractions of homogen ized microplasmodia supported 
this hypothesis. 
Alkaline phosphatase has been found to be plasma membrane-associated 
in a number of lower eukaryotes (Table 2 .1). It is thought to play an 
important role in phosphate metabolism in Ochromanas danica . With 
this enzyme at the cell surface, these plants can obtain orthophosphate 
from environmental organic phosphates which normally cannot be utilized 
(Patni et al ., 1974). Little is known of the role of alkaline 
phosphatases in other organisms. 
Although alkaline phosphatase appeared to be a suitable plasma 
membrane marker enzyme in Physarwn , this could not be unequivocally proven. 
Instead, plasma membrane identification was achieved by covalently labelling 
f . h 12 SI 1'1 d . . b . f 
12 SI f the external cell sur ace wit . 1e 1str1 ution o a ter 
s ucrose density gradient centrifugation of a fraction partially enriched 
in label was monitored. This was found to be similar to the distribution 
of alkaline phosphatase. llowever, most of the label (and alkaline 
phosphatas activity) was recovered from a pellet. It was apparent 
82. 
that pellet fornwtion was brought about by coaggregation of plasma 
membranes and other perhaps more dense microplasmodial components . 
Examination of the pellet by electron microscopy showed that the membranes 
were attached to a network of branching filaments . Some of the filaments 
resembled actin in diameter (7nm) while the more thread-like, finer 
filament s closely resembled the extracellular slime which surrounds 
plasmodia. 
Att empts to overcome coaggregation of membrane material were 
unsuccessful. It was not possible, therefore, to isolate a highly 
purified plasma membrane fraction from microplasmodia of Physarwn . 
Because of this, investigations of some of tl1e ultrastructural aspects 
of pla s ma membrane biogcnesis and membrane-filament associations in 
Physarwn were ini tiatcd . The results obtained from these studies will 
be described in the next two chapters. 
1, 
CJIAPTER 3 
013SERV/\TIONS ON TIIE PL/\SMODl/\L ULTRJ\STRUCTUllE 
OF PHYSARUM WITH PARTICULAR REFERENCE TO 
PLASMA MEMBRANE BIOGENESIS 
3.1 Introduction 
Physarwn has been examined by many workers in an attempt to provide 
an ultrastructural description of the organization of the plasmodium, 
amoebae, and spores . Considerable effort, for example, has been 
directed towards the ultrastructural identification and localization 
of actin and myosin in plasmodia (Rhea, 1966; Daniel and Jarlfors, 
19)2; Nagai and Kato, 1975; Isenberg and Wohlfarth-Bottermann, 1976), 
and to the characterization of nuclear and mitotic fine structure 
(Aldrich, 1969; Guttes et al. , 1968; Mohberg, 1974; Lord et al ., 1977). 
Thes~ together wjth studies of cytoplasmic composition and organization 
of organelles (McManus, 1965; Haskins and llinchee, 1974) have yielded 
a useful, general understanding of the fine structure of Physarwn 
plasmodia. However, a clear description of the boundary of the 
plasmodium, and the ultrastructural variations associated with the 
plasma membrane during such processes as endo-and exocytosis and 
plasma membrane bio.genesis and turnover, is still lacking . 
By virtue of their size and intricate streaming patterns, whole plasmodia 
of Physarwn are often too complex for the investigation of cert,ain 
problems. For these reasons, mod ls displaying representative motile 
and ultrastructural characteristics of the whole organi sm have been 
used i n various studies . One such approach involves the use of 
xcised segments of veins. This has been described for Physa:rum by 
Wo hlfarth-13ottermann (1964; 1965). Sjmilar models using other 
I 
I 
I 
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organisms such as the Characean algae, Chara and NiteUa, have also 
been used in studies of various aspects of cell structure and function 
(Wi lliamson, 1975; Kersey et al., 1976). These studies will not 
be discussed further. 
A second and less frequently us ed model is the "protoplasmic drop". 
Wohlfarth-Bottermann (1962) found that when a plasmodial vein of 
Physarwn is broken or ruptured, endoplasm flows out rapidly and forms 
a spherical drop. After a period of time, the protoplasm is 
reabsorbed into the plasmodial network. If, however, extruded 
protoplasm is transferred from the vein onto, for example, non-nutrient 
agar, it will develop (in a few hours) into the normal form of migrating 
plasmodium exhibiting distinctive shuttle streaming. 
Morphological investigations of protoplasm at various times after 
extrusion from plasmodial veins have revea led important information 
regarding the ultrastructural basis of protoplasmic streaming and cell 
motility (Komnick et al ., 19 73 ; Nagai and Kato, 1975; Isenberg and 
Wohlfarth-Botte rmann, 1976). The development of a complete, 
functioning organi sm from a spherule of protoplasm, initially devoid 
of a s urface membrane, also potentially offers an experimental system 
in which cytoplasmic reorganization and plasma membrane biogenesis 
could usefully be examined . Such examinations, involving electron 
mi croscopy of thin sections have been reported (Stewart and Stewart, 
1961; Wohlfarth-Bottermann and Stockem, 1970). 
In this chapter, an alternative approach to the ultrastructural 
analysis of plasma membran e biogenesis and plasmodial motility is 
described. This involves the use of the scanning electron microscope 
in conjunction with transmission electron microscopy to examine the 
sequence of events occurring at the surface of extruded protoplasm 
during th e course of its reorganization. In addition, scanning electron 
microscopy wa s used to examine cytoplasmic organization in Physarwn 
plasmodia in itu . 
!! 
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3.2 Material and Methods 
3.2.1 Cultures 
In early experiments, protoplasmic samples were obtained from 
the prominent veins of macroplasmodia which had been growing for 2-3 
days on agar plates containing MCM (see section 2 . 2) . Macroplasmodia 
were initiated by spreading 0 . 1 - 0 . 2ml of a 1:1 . suspension of 
microplasmodia in liquid medium onto solid medium . . Protoplasm could be 
obtained more readily and consistently, however, from the veins of 
starved plasmodia . Such plasmodia were formed by pipetting 0 . 2 - 0.3ml 
of a 3:1 suspension of microplasmodia in liquid MCM onto solidified 4% 
(w/v} agar ~nd incubating in the dark at 25°C. The microplasmodia 
fused and, following exhaustion of the liquid medium, began migrating 
over the surface of the agar in the fashion typical of starved 
plasmodia (Fig. 3.la). Because large veins developed within lSh of 
ndcroplasmodial fusion, spherules of protoplasm could be obtained much 
more rapidly from this system than from growing plasmodia . 
(Ultrastructurally, the protoplasm derived from both sources was 
identical). 
3.2.2 Extrusion of Protoplasm 
Protoplasm was extruded by piercing large plasmodial veins, 
approximately 1.0mm in diameter, with the point of a sterile 25G 
hypodermic needle. Protoplasm was spontaneously and rapidly extruded 
from t he veins to form spherules 1.0 - 2.0mm in diameter (Fig . 3.lb and 
3. le) . Using sterile toothpicks, the protoplasm was picked . off and 
transferred to microscope slides coated with 2% (w/v) agar. Slides 
were incubnted in a moist chamber maintained in the dnrk at 25°C. 
Protoplasm or developing plasmodia were removed with a sterile toothpick 
at various i nt rvals after extrusion and subsequently processed for 
el ctron microscopy . 
• 
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Fig . 3 . 1 Photographic summary of the experim~ntal procedure used to 
produce spherules of extruded protoplasm from plasmodial 
veins of Physarwn . 
(a) Surface culture of Physarwn 18h after pipetting 0 . 2 -
0 . 3ml of a 3:1 (v/v) suspension of microplasmodia was 
applied to the surface of 4% (w/v) agar. Note the 
complex network of prominent veins. 
(b) A large vein is pierced with the tip of a 25G 
hypodermic needle . 
(c) After piercing a vein, a spherule of protoplasm is 
extruded spontaneously and rapidly. 
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3. 2.3 Electron Microscopy 
Preliminary experiments employing standard fixation procedures gave 
unsatisfactory fixation of plasmodia. After testing a number of 
variations, the fixative and fixation procedure described below were 
arrived at as giving satisfactory preservation. 
Material was immersed in a fixative containing 2% (w/v) paraformaldehyde, 
2.5% (v/v) glutaraldehyde, 2.SmM CaC1 2, 20mM citric acid - sodium citrate 
buffer (pH 6 . 0) for lh at room temperature. The paraformaldehyde 
solution was prepared by heating approximately 20ml of an aqueous (10% (w/v)) 
suspension of paraformaldehyde to about 60°C and adding 1 - 3 drops of 
IM NaOH. The solution was allowed to cool slowly to room temperature 
and any insoluble material remaining was subsequently removed by 
filtration. When protoplasm was fixed within seconds after extrusion, 
0.1ml of fixative was placed on the sample before it was removed from 
the vein to ensure rapid fixation. The material was then transferred 
directly to a larger volume of fixative. 
Following fixation, the material was washed three times in 20mM 
citric acid-sodi um citrate buffer, 2 . SmM CaCI 2 (pH 6.0), post-fixed for 
lh in 1% (w/v) Os04 in the same buffer, rinsed again in buffer, and 
then dehydrated through an acetone series. In some instances, where 
material was being prepared for scanning electron miscroscopy, the 
post-fixation step was omitted. This did not appear to have any 
detrimental effects on the ultrastructural organization . 
In preparation for scanning electron microscopy, dehydrated material 
was dried in an SPC-1500 Critical-Point Drying Apparatus (Bomar Co ., 
Tacoma, U.S.A.) using carbon dioxide as the transitional fluid. Dried 
material was mounted on stubs, coated with an 8 - 12nm layer of gold or 
gold-palladium in a Univac Vacuum Evaporator, and viewed in a Cambridge 
Stereoscan 180 electron microscope at an accelerating voltage of 30kV. 
The thicknes s of the layer of conducting metal on the specimen was 
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determined us ing a quartz crys tal mounted within the vacuum evaporator 
and a digital thin film thickness monitor. 
For transmission electron microscopy, the dehydrated material was 
embedded in either Durcupan ACM according to the recommendations of 
the manufacturer (Polaron Equipment Ltd., Watford, England) or in 
Spurr ' s standard embedding medium (Spurr, 1969). The latter resin 
was found to have superior sectioning qualities to Durcupan . The 
lower viscosity of Spurr's resin also made it easier to handle. It 
was therefore used in preference .to Durcupan in later experiments. 
Silver sections (60 - 90nm) were cut with glass knives on a Reichardt 
Ultramicrotome, mounted on 200 -mesh copper grids which had been 
previously coated with parlodian and carbon, and doubly stained using 
2% (w/v) aqueous uranyl acetate for 30 min followed by lead citrate 
(Reyno lds, 1963) for 30 min . Stained sections were examined in a 
JEOL lOOC or an Hitachi HU 12 electron microscope . 
88 . 
3. 3 Results 
3.3 . l Plasmodial Ultrastructure of Physarwn 
When preparing biological material for scanning electron microscopy, 
it is general practice to dehydrate and dry the specimens before they 
are examined (Boyde and Wood, 1969). This can be achieved using 
ci ther freeze-drying or critical-point drying. When microplasn1odia of 
Physarwn were freeze-dried following fixation they appeared as shown in 
Fig. 3.2a. If, however, fixed microplasmodia were dehydrated through 
an acetone series and critical-point dried they had the appearance shown 
in Fig. 3.2b. These resemble living microplasmodia observed by phase 
contrast microscopy (Fig. 1 . 1) and consist of a series of bulbous 
protrusions (or nodules) interconnected with narrow channels . The 
freeze-dried microplasmodia, on the other hand, arc highly perforated and 
their surfaces appear to have collapsed during the freeze-drying process. 
Because of this ultrastructural damage incurred by freeze-drying, critical-
point drying was used routinely in all preparations for scanning 
electron microscopy. 
The ultrastructural organization of a microplasmodial nodule of 
Physarwn , in thin section is shown in Fig . 3 . 3a . A layer of cytoplasm 
of varying thickness (up to approximately 2µm) can be seen immediately 
underlying the plasma membrane. This region, sometimes referred to as 
the hyaline cortex (Daniel and Jarlfors, 1972), is typically devoid of 
larger cytoplasmic organelles such as nuclei and mitochondria which 
appear to be more or less evenly distributed throughout the remaining 
cytoplasm. Particularly noticeable in thin section is the abundance 
of vacuolar inclusions in deeper regions of the cytoplasm. Some of 
these can be recognized as invaginations of the plasma membrane by the 
finely structured fibrous nature of their contents, which is structurally 
identical to t l1e slime layer which coats the external surface of the 
plasma membrane. 0th r membrane -bounded vacuoles vary greatly in size 
Fig. 3.2 Scanning electron micrographs of microplasmodia of Physarum . 
(a) Microplasmodia prepared by freeze-drying. 
(b) Microplasmodia prepared by dehydrating through an acetone 
series and critical-point drying. 

Fig. 3.3 Electron micrographs showing the organization of macroplasmodia 
of Physarwn in thin section . 
(a) Section through the surface of a plasmodium . 
Immediately beneath the plasma membrane (P) is a region 
almost completely devoid of organelles. This is 
referred to as the hyaline cortex (C) of the ectoplasm. 
Mitochondria (M), nuclei (N), and lipid droplets (L) can 
be seen in the deeper cytoplasm. Note the large numbers 
of membrane-bounded vacuoles which are present. Some 
of these can be identified as invaginations of the plasma 
membrane (I) by their fibrillar contents which resemble 
extracellular slime (S) . 
(b) Section through a region of cytoplasm showing a nucleus 
(N) which contains a nucleolus (Nu) and chromatin 
granules. Large arrows indicate Golgi apparatus which 
are distribut ed randomly throughout the cytoplasm. 
Small arrows indicate rough endoplasmic reticulum. 
(c) High er magnification of a section through a Golgi 
apparatus in Physarwn. 
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(from less than 1pm to several pm) and often contain assorted inclusjons. 
Within the deeper cytoplasm,as well as nuclei and mitochondria 
which are conspicuous by their size and number, various other small 
inclusions can be seen . These include lipid droplets, ribosomes, and 
unidentified granules. Rough endoplasmic reticulum in the form of 
short laminae or small closed circles can also be seen. Less 
frequently, structures resembling the Golgi apparatus are observed 
in some sections (rig. 3.3b) . These structures arc distributed at 
random in the cytoplasm and not necessarily preferentially located 
near nuclei as is common in mammalian cells (Gunning and Steer, 1975). 
They consist of 2 - 4 cisternae which distend into small membranous 
vesicles about 150 - 200nm in diameter (Fig. 3 . 3c) which often contain 
material resembling the external slime layer . Smooth-surfaced, detached 
microvesicles about 60nm in diameter are often also present in the 
vicinity of the Golgi apparatus. 
Although not shown, the ultrastructureof a microplasmodial channel, 
i.e., the narrow region interconnecting nodules, in general shows the 
same features of plasmodial organization as described above for the 
nodules. Invaginations of the plasma membrane, however, are not as 
deep and only slight surface indentations are apparent in thin sections 
of the channels. 
When microplasmodia are pipetted onto the surface of either nutrient 
or non-nutrient agar, they fuse to form a rna cropl~smodlum (frontispiece, 
Fig. 3. la). Macroplasmo<lial structural equivalents to microplasmodial 
nodules and channels appear to be the advancing front and veins 
respectively. As shown in Fig . 3.4a, the advancing front is 
compressed dorsoventrally . Its surface is penetrated by numerous 
relatively evenly dispersed pores about 2pm in diameter. In contast, 
the velnous surface, 1vhile being penetrated by a few large pores, appears 
much smoother (Fig . 3.4b). All veins within the surface culture 
Fig. 3.4 Scanning electron micrographs of the surface ultrastructure 
of macroplasmodia of Physarwn . 
(a) Surface organization of an advancing front. The 
surface is perforated by many large pores about 2µm in 
diameter. These correspond to the invaginations of the 
plasma membrane (I) seen in thin section (Fig. 3.3a). 
(b) Surface organization of the branch-point of a vein. 
The surface is comparatively smoother than that of the 
advancing front. 
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;1nastomos e to form a complex network interconn ecting the 
organism (Fig. 3.la; fig . 3.4b). 
In order to examine the internal organization of plasmodia in 
three dimensions, an advancing front and a vein were fractured with 
a sharp probe after critical-point drying and examined with the scanning 
electron microscope . By virtue of their larger . size and consequent 
ease of manipulation, macroplasmodia were used in these studies. 
Transmission electron microscopy verified that there ·were no significant 
differences in the internal ultrastructural organization between the 
microplasmodia grown in shake culture and macroplasmodia grown as 
s urface cultures on agar . 
The three dimensional organization of the interior of an advancing 
fro nt is shown in Fig. 3.Sa. Two distinct regions can be distinguisl1ed. 
Immediately underlying the plasmodial surface is a region densely 
packed with porou~ cytoplasm which surrounds the more sparse internal 
region. It is also appar_ent that the surface of the plasmodium in 
contact with the agar substrate is relatively smooth in comparison with 
the upper surface which is penetrated by the numerous pores referred 
to earlier (Fig. 3.4a) . A closer examination (Fig. 3.Sb) reveals that 
the pores extend for several µm into the interior of the plasmodium. 
These correspond to the invaginations of the plasma membrane seen in 
thin section, e.g. compare with Fig. 3 . 3a. The region immediately 
underlying the upper surface of the plasmodium also appears to be 
much thicker than the surface in contact with the substrate. Spherical 
particles about 4µm and lµm in diameter can be seen distributed at 
random in the central region of the vein. On the basis of size these 
particles are identified as nuclei and mitochondria respectively. 
When a fractured vein is examined with the scanning electron 
microscop~ several differences in organization from the advancing front 
are apparent . First , the surface membrane of the vein appears quite 
Fig . 3 . 5 Scanning electron micrographs of the internal organization of 
advancing fronts of Physarwn macroplasmodia which were 
fractured with a sharp probe after critical-point drying. 
(a) Low magnification, showing the relatively smooth 
plasmodial surface which was in contact with the agar 
surface. The upper surface contains a larger number of 
invaginations than the lower surface. 
(b) Higher magnifi ation of the top right of the advancing 
front shown in (a). Arrows indicate invaginations of 
the plasma membrane which extend from the upper surface, 
through the hyaline cortex (C) and into the central 
region of the advancing front. Nuclei (N) and 
mitochondria (small arrow heads) can be recognized by 
their sizes of 4µm and lµm, respectively. 
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smooth ancJ cJevoicJ of any invaginations as large as those observecJ in 
the advancing front (Fig. 3 . 6a) . On closer examination, however, a 
complex array of interconnecting microchannels can be seen within the 
periphery of the vein (Fig . 3.6b). Some of these extend parallel to 
the surface membrane. A second difference from the advancing front 
is the much thicker densely packed region in the periphery of the vein. 
This region, which is almost completely devoid of organelles in the 
advancing front, contains nuclei, mitochondria, and spherical particles 
about 150nm - 200nm in diameter (Fig . 3 . 6c) . These inclusions appear 
to be aggregated in clumps or interlinked with a fibrous network. This 
would account for the compact nature of the peripheral region of the 
vein in contrast to the more sparsely populated central region. 
3.3.2 Ultrastructural Examination of the Reorganization of Extruded 
Protoplasm of Physarum 
When a plasmodial vein is pierced, a spherule of protoplasm is 
rapidly and spontaneously extruded . The size of the material depends 
on the size of the vein and the pressure inside generated by 
protoplasmic streaming . Because protoplasm of varying size is 
extruded, the time for the complete process of reorganization to occur 
may vary by as much as 50%. The times quoted in this study are the 
average of many examinations and, in all cases, the patterns of 
reorganization are identical. 
Fig. 3 . 7a shows a scanning electron micrograph of a sample of 
protoplasm fixed immediately upon extrusion from a plasmodial vein 
(zero-time) . It is roughly spherical, about 0 .5mm in diameter, and 
covered wit h an heterogeneous array of small particles. A closer 
examination of the surface (Fig. 3.7b) reveals that these particles are 
spherical and covered randomly with surface protrusions. There are 
predominantly two size-classes of particles, about 4µm and 2µm in 
Fig. 3.6 Scanning electron micrographs of the internal organization 
of macroplasmodial veins of Physarwn. The veins were 
fractured with a sharp probe after critical-point drying. 
(a) Low magnification, showing the overall organization of 
the surface and the interior of a vein. The hollow 
region within the vein is thought to correspond with 
the endoplasm of an actively streaming vein . 
(b) Higher magnification of the region immediately 
underlying the surface of a vein . The central 
endoplasm (EN) is surrounded by a compact ectoplasmic 
region (EC) . The outer region of the ectoplasm, or 
hyaline cortex (C), consists of a complex, porous 
region which appears to be devoid of organelles . 
Numerous invaginations of the plasma membrane (arrows) 
are present extending from the surface deep into the 
ectoplasm. 
(c) Higher magnification of the inner region of the 
ectoplasm. Nuclei (N) and mitochondria (M) are 
present within a complex, interconnected fibrous 
network. 

Fig. 3.7 Zero-time extruded protoplasm. 
(a) Low power scanning electron micrograph of a spherule of 
protoplasm fixed immediately following extrusion from a 
plasmodial vein. 
(b) Higher power scanning electron micrograph of the surface 
of zero-time extruded protoplasm. Clumps of nuclei (N) 
and large numbers of mitochondria (M) are present. 
(c) Section through the surface of zero-time extruded 
protoplasm. Nuclei and mitochondria are present. 
Note the large numbers of vacuoles and the absence of 
a continuous plasma membrane at the protoplasmic surface. 
• 
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diameter. Using transmission electron microscopy, the sizes could be 
correlated with those of nuclei and mitochondria respectively (Fig. 3.7c). 
Much larger numbers of mitochondria than nuclei are present. As 
shown in Fig. 3 . 7b,nuclei tend to be aggregated in randomly distributed 
clumps while mitochondria appear to be more evenly distributed, although 
some are closely associated with nuclei. It can also be seen jn 
rig. 3.7b, although not apparent in thin section (Fig. 3.7c), that 
fibrous material, approximately 200nm in diameter is present on the 
surface and interconnects nuclei and mitochondria. Some free fibres 
are also visible. Crevices and pits of varying size are also seen 
penetrating the surface. 
A closer examination of a zero-time protoplasmic sample in section 
(Fig. 3.7c) shows that as well as nuclei and mitochondria, there are 
also detached fragments of membrane present at the surface. Both 
sheet-like structures and vesicles of varying size can be seen. However, 
these were found to occur in only a minor part of the total surface of 
the many samples of zero-time protoplasm which were examined. 
number of membrane-bound vacuoles are also present within the 
A large 
protoplasm. There is an abundance of vesiculated material within 
these vacuoles. Although not shown here, vacuoles, nuclei, and 
mitochondria are randomly dispersed throughout the section of zero-time 
extruded protoplasm . 
Isolated protoplasm exposed for 2s before fixation has a similar 
organization to that seen in the zero-time material. However, in 
the period from 4s to 10s , marked organizational changes occur. 
numbers of vacuoles apparently move towards the surface, leaving a 
Large 
vacuole-free region inunediately beneath . This region can clearly be 
seen in thin sections of protoplasm fixed 10s after extrusion from a 
vein (rig. 3 . 8a) . Visually this ultrastructural reorganization 
coincides wit h an increase in the viscosity of the protoplasm as 
Fig. 3.8 Electron micrographs of extruded protoplasm 10s after extrusion 
from a plasmodial vein. 
(a) Section showing a region devoid of organelles which has 
developed near the surface of the protoplasm. The area 
immediately underlying this is highly vacuolated. 
(b) Section through another region of the protoplasm showing 
that the plasma membrane is not continuous over the 
protoplasmic surface at this time. A nucleus can be 
seen blocking a discontinuity in the plasma membrane 
(arrow) . 
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indicated by physical manipulations of the extruded protoplasm with 
a toothpick. The surface also changes appearance to the naked eye, 
from glistening under an incident light source, to a dull appearance. 
When sections of protoplasm in this state are examined, an external 
membrane is partly assembled, although it is not continuous over the 
entire surface . This is still found to be the ~ase l.Smin after 
protoplasmic extrusion (Fig. 3.8b). Regions not covered by a membrane, 
however, appear to be closed off by larger organelles such as nuclei and 
mitochondria. By 2min after extrusion the protoplasm is completely 
surrounded by a membrane. Fragments of membrane, together with other 
components of the cytoplasm, remain present apparently outside the 
bounds of the newly formed membrane. A similar pattern of organization 
is seen in protoplasm fixed Smin after extrusion (Fig. 3.9a). Notable 
in this section, however, is the variety of smal 1 membrane vesicles in 
a region of the amorphous cytoplasm about l µm beneath the plasma membrane. 
Fig. 3.9b is a scanni_ng electron micrograph of a sample of 
protoplasm fixed Smin after extrusion from a vein. The shape of the 
extruded sample, although now slightly distorted, remains essentially 
spherical. The most noticeable difference in the overall appearance 
from that of a zero-time sample is the greater number of fissures and 
holes penetrating the surface . Fewer nuclei and mitochondria are 
exposed on the surface, although both types of organelle remain 
distinguishable at this time. The interconnecting fibrous material 
remains apparent . Some areas of the surface appearing slightly ruffled 
are devoid of nucl ei and mitochondria (Fig. 3 . 9c). 
About c:1 11 hour after extrusion, pseudopodia extend over the surface 
of the agar and a flattened plasmodium appears to form from the base of 
the protoplasm (Fig . 3.9d). Protoplasmic streaming (seen with the 
light micro scope) has also commenced by this time. The cytoplasmic 
Fig. 3.9 Electron micrographs showing the reorganization of extruded 
protoplasm. 
(a) Section through a protoplasmic sample Smin after 
extrusion from a plasmodial vein. Large numbers of 
small membrane vesicles are present in an area of the 
organelle-free region immediately underlying the surface 
membrane (arrow). 
(b) Scanning electron micrograph of protoplasm Smin after 
extrusion. 
(c) Higher magnification of the surface organization of 
protoplasm Smin after extrusion. Some areas of the 
surface appear to be ruffled and devoid of nuclei and 
mitochondria. 
(d) Scanning electron micrograph of protoplasm lh after 
extrusion. Pseudopod-like projections can be sen 
emerging from the base of the protoplasm. Fragments 
of protoplasm which have been sloughed off the 
developing plasmodium are present on the surface . 
_2 µm 
• 
I 
I 
,, 
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organelles and remnants of membrane outside the newly developed organism 
have, in general, sloughed off the surface by this stage of development, 
leaving a smooth surface. Some fragments of cytoplasm, however, can 
still be seen with the scanning electron microscope, apparently 
loosely a ttached to the plasmodial surface. 
Eventually,the entire spherule of protoplasm becomes flattened 
and the newly form ed plasmodiummigrates away from its initial position 
on the agar. A small fan-shaped advancing front develop s and, 
trailing behind it, a plasmodial vein. The structural characteristics 
of this new organism display the typical ultrastructural organization 
of a mature pl asmodium, both in the scanning and transmission electron 
microscopes. 
3.3.3 The Effects of Chemical Inhibitors on Protoplasmic Reorgani~ation 
In an attempt to gain some insight into the biochemical processes 
involved in the regeneration of plasma membrane around naked protoplasm, 
the effects of various agents on protoplasmic reorganization were tested. 
This was accomplished by incorporating the various putative inhibitors 
into the agar on which the protoplasm was deposited . These agents 
were selected for their known effects on membrane and filament function 
and energy production. 
Table 3.1. 
Results of these experiments .are summarized in 
The local anaesthetics, verapamil and tetracaine, inhibited both 
protoplasmic streaming and formation of a migrating plasmodium. A 
third local anaesthetic tested, procaine, had no inhibitory effects on 
these processes . Indeed, it appeared to have a stimulatory effect on 
the development of the plasmodium. The protein synthesis inhibitor, 
cycloheximide, inhibited both streaming and plasmodial development. 
l~wever, a c l oser examination of the cycloheximide treated material 
indicated t hat a new pl asma membrane had been formed . On the other 
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Table 3 . 1 - The effects of various inhibitors on the reorganization 
of protoplasm extruded from Physarum. 
Inhibitor 
KCN (lOmM) 
Cycloheximide 
( 40µM) 
.Cytocha ] asjn B 
(lOOµM) 
Col chi cine 
(lOOµM) 
Verapamil 
(lOmM) 
Tetracaine 
(lOmM) 
Procaine 
(lOmM) 
Putative Effects 
Inhibitor of 
electron transport 
(Lehninger, 1964) 
Inhibitor of 
eukaryotic protein 
synthesis 
(Kerridge, 1958) 
Depolymerizes 
actin filaments 
(Spooner et al. , 
1971; Lin and 
Spudich, 1974) 
Depolymerizes 
microtubules 
(Wilson, .1975) 
Inhibitor of 
membrane fusion 
(Papahadjopoulos, 
1972) . 
Inj1ibi tor of 
membrane fusion 
(Papahadjopoulos, 
1972). 
Inhibitor of 
membrane fusion 
(Papahadjopoulos, 
1972). 
Effects on development of 
Streaming Migrating 
Plasmodium 
not formed 
Inhibited not formed 
Inhibited not formed 
Plasma 
Membrane 
not detected 
Protoplasm was extruded from plasmodial veins as described in section 
3.2 . It was transferred immediately to glass slides coated with agar 
in which th above compounds had been dissolved previously at the 
concentrations stated . Streaming was detected with a dissecting 
microscop and the development of a migrating plasmodium was scored 3 h 
after transferring protoplasm to the slides. No apparent effect of the 
inhibitor on any of the t hree p1rameters monitored, is represented 
by a dash . 
I 
I 
I 
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hand, KCN, an inhibitor of electron transport and thus of respiratory 
ATP generation, had no effect on any of the parameters examined. 
Cytochalasin B, which is thought to inhibit the polymerization of actin 
into filaments, (Spooner et al . , 1971; Lin and Spudich, 1974) was found 
to inhibit streaming . On the other hand, colchicine, which inhibits 
the assembly of microtubule~ was found to have no apparent effect on 
the process of reorganization . The reorganization of protoplasm was 
found to be unaffected by the presence of divalent cations such as 
2+ 2+ 2+ Ca , Mn , or Co . EGTA was also found to have no effect on the 
reorganization process . 
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3.4 f)j sc uss ion 
3.4 .1 Optimal Conditions of rixat i on 
De spite the numerous electron microscopical exami nat i ons of Phy sa.rwn , 
no uniformly applicable fixation technique has been developed that 
effectively preserves plasmodial ultrastructure . Daniel and Jarlfors 
(1972) reported that the use of a variety of fixation procedures gave 
unsatisfactory cytoplasmic fixation. In order to overcome this, a 
dual glutaraldehyde-osmium t etroxide fi xative was used. This was 
reported to preserve plasma membrane invaginations and the cytoplasmic 
fibrillar network. However, a close examination of the micrographs 
presented by these authors reveals that there was significant damage 
to cytopla smic vacuoles with this fixation procedure. Additiona lly, 
osmium black formation (Hopwood, 1970) precludes the storage of th e 
glu tara lcl el1y<lc - osroium mixture over periods greater than a few hours. 
An ability to store the fixative for such periods is advantageous when 
examining the reorganization of extruded protoplasm, which occurs over 
a period of s everal hours. 
The need for a fast-diffusing fixativ e has a lso been emphasized. 
Wohlfarth-Bottermann (1974) found that it was difficult to preserve 
plasma membrane invaginations of Physarwn plasmodia using a slow-acting 
fixative such as glutaraldehyde . The reason suggested for this was 
that such a fixative provided enough time for the ectoplasmic wall to 
retract partially so that invaginations would no longer be pronounced. 
Rapid penetration of the fixative is especially important when 
examining the ultrastructural reorganization of protoplasm. Wohlfarth-
Bottermann and Stockem (1970) employed a variety of fixatives including 
Os04/K2cr2o7; KMno4 ; and glutaraldehyde, when examining this system. 
In all instances, complete fixation was not observed until about 20s 
after placing the material in fixative. Such a delay clearly makes 
interpretation of event s occurring within the few seconds irrunediately 
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followin g protoplasmic extrusion diffi cult. The rationale for 
Rhea (1966) 
reported that, although this fixative preserved cytoplasmic fibrils 
reasonably well, other cytoplasmic structures were damaged signifjcantly. 
The most successful fixative, according to Rhea (1966) and more 
recentl~ Zaar and Kleinig (1975), is buffered glutaraldehyde followed 
by post-fixation in buffered Os04 . This fixative preserves 
ultrastructure well. 
rate of penetration. 
There is still the problem however, of a slow 
In the present study, this was overcome by 
employing a paraformaldehyde/glutaraldehyde mixture as the primary 
fixative. In such a system, the paraformaldehyde penetrates rapidly 
into the cytoplasm and stabilizes structures until the slower 
penetrating glutaraldehyde diffuses 1n. Such a mixture has proven 
successful previously in preserving the fine structure of macrophages 
(Karnovsky, 1965). 
Using this mixture, as a primary fixative, followed by buffered 
Os04 , excellent preservation of the cytoplasmic fine structure of 
Physarwn has been obtained in the present study. Fixation of extruded 
protoplasm was found to occur within 2-3s of applying the fixative . An 
examination of the effects of various buffers on fixation revealed that 
) 2+ . a citric acid - sodium citrate buffer (pH 6.0 containing Ca ions was 
the most suitable. This was not unexpected as the internal pH of 
Physarwn fluctuates about pll 6 . 3 (Gerson and Burton, 1977) and one of 
the main buffering components of the growth medium is sodium citrate 
(Daniel and Baldwin, 1964). (See also Chapter 2 on development of 
optimal conditions for iodination.) 
3.4.2 Plasmodial Ultrastructure 
In general, descriptions of plasmodial ultrastructure of Physarwn 
presented in this chapter are in agreement with previous reports. 
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Common to most of these studies, is the observation that there are 
numerous invaginations of the plasma membrane from the exterior into 
the cytoplasm. The morphology of plasma membrane invaginations has 
been described in some detail (Wohlfarth-Batterman~ 1974). In that 
study, however, examination of ultrathin sections with the transmission 
electron microscope revealed little more structural detail of the 
invaginations, than was obvious in the phase contrast microscope. 
As mentioned in section 3 . 4.1, this was attributed to the fixation 
procedure us ed i11 preparation for trunsmission electron microscopy. 
The us e of the dual paraformaldehyde/glutaraldehyde fixative and the 
scanning electron microscope in the present study does, however, reveal 
additional information regarding the ultrastructural organizat ion of 
plasmodial plasma membrane invaginations. 
When critical-point dried veins and advancing fronts of Physa:f'wn 
were fractured and examined with the scanning electron microscope, plasma 
membrane invaginations could be seen clearly (cf Figs. 3.5 and 3.6). 
Perhaps the most noticeable feature is that there are fewer and smaller 
(O.Sµm compared with l.Sµm, approximately) invaginations of the 
plasma membrane in the vein in comparison with the advancing front. In 
addition, the invaginations of the plasma membrane are clearly seen to 
extend parallel to the surface as well as perpendicular to it. These 
observations cannot be made readily using transmission electron 
microscopy without serial sectioning and reconstruction. 
The importance of plasma membrane invaginations in providing a 
means of facilitating nutrient transfer from the environment into the 
extensive cytoplasmic mass in plasmodia was noted by Daniel and Jarlfors 
(1972) and Wohlfarth-Bottermann (1974) . Indeed, Wohlfarth-Bottermann 
(1974) calculated that these invaginations increased the plasmodial 
surface area in protoplasmic veins by from two-to-ten-fold over such a 
surface without invaginations . If invaginations are involved in 
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nutrient cxclwngc, they could be particularly important in the :1d v:1 1tei11 g 
front. This is the region of a migrating or growing plasmo<lium where 
fresh nutrient would be most abundant. The observation that plasma 
membrane invaginations are more numerous and of a larger diameter in 
an advancing front than jn a vein, supports this hypothesis. Direct 
contact with the substrate may be unnecessary for nutrient uptake. An 
aqueous film probably extends from the surface of the agar covering the 
plasmodium. Nutrients can thus be absorbed through the invaginations 
of the plasma membrane which are more abundant in the plasmodial surface 
which is not in direct contact with the substrate (Fig . 3.Sb; Wohlfarth-
Bottermann, 1974). 
Another possible role for the complex interlinked network of 
invaginations of the plasma membrane is to act as a cytoskeletal 
system providing added rigidity for the plasmodium. The greater 
complexity with regard to interlinking of the invaginations in the 
vein than in the less rigid advancing front lends support to this notion. 
The membrane surplus provided by plasma membrane invaginations may also 
accommodate changes in diameter of a vein which occur concomitantly with 
the rhythms of shuttle streaming (Wohlfarth-Bottermann, 1974). 
In previous studies of the ultrastructure of Physarwn plasmodia 
in thin section, distinction between streaming endoplasm and more 
rigid ectoplasm often has been unclear. Moreover, the terms "ectoplasm", 
"plasma gel ", "channel wall", "corti cal gel", and" hyaline ectoplasm", 
have been us ed loosely and interchangeably to describe the non-streaming 
region underlying the plasma membrane. A dividing line between this 
region and the streaming endoplasm has been difficult to define. 
Scanning electron microscopy was used in th e study described here 
to examine the in situ protoplasmic organization of critical-point dried 
veins and advancing fronts which had been fractured . As seen in 
Figs. 3. 5 and 3. 6, inunediately below the plasma membrane is a region 
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devoid or org:111ellcs unJ co11tujni11g numerous invagjnations of the plasma 
membrane. This region, which corresponds to the amorphous, organelle-
free zone underlying the plasma membrane seen in thin section, is 
referred to here as the hyaline cortex of the ectoplasm. 
Beneath the cortex, is a region containing nuclei, mitochondria, 
vacuoles and other inclusions. This region is especially pronounced in 
the veins (Fig. 3.6). The organelles are interconnected by a complex 
filamentous network. Previous studies of this region in thin section 
(Wohlfarth-Bottermann, 1964) and an examination using scanning electron 
microscopy and negative .staining (described further in Chapter 4) indicate 
that the filamentous network is composed of actin filaments and bundles. 
Because of the compact nature of this zone, it is thought to correspond 
to the gel-like , non-flowing ectoplasm of the living organism. In 
thin section, this region cannot be readily distinguished from the 
sol-like endoplasm because of the similar spatial organization of the 
inclusions in both regions. Additionally, the filamentous mesh is not 
readily visible in thin section because actin filaments are not readily 
preserved, nor would individual filaments within the cytoplasmic matrix 
be easily distinguished (Komn.ick et al ., 1973). 
During the fracturing process in preparation for scanning electron 
microscopy, the central region of the plasmodial vein (and to a lesser 
extent, the advancing front) was invariably and unavoidably removed 
from the site of fracture. This accounts for the hollow appearance of 
fractured plasmodial fragments when examined with the scanning .electron 
microscope. It is proposed that this hollow central region corresponds 
to the space occupied by the central stream of flowing endoplasm in 
the living organism. The sol-like properties of the endoplasm 
indicate that the organelles present are unlikely to be held in a rigid 
configuration by a mesh similar to that in the ectoplasm . This does 
not necessarily imply, however, that the spatial organization of the 
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organelles (as seen 1n thin section) need be different in the cndoplasm 
and ectoplasm . Using the scanning electron microscopical technique 
described, therefore, it is possible to obtain more information 
pertaining to the internal organization of plasmodia than can be 
obtained from methods relying solely on the examination of thin sections 
in the transmission electron microscope . A diagrammatic representation 
of the ultrastructural organization of a plasmodial vein in cross section 
is shown in Fig. 3.10 . 
Hyaline 
cortex 
Ectoplasm 
Endoplasm 
Fig. 3 .10 - Diagrammatic repre1entation of _a cross.section ~hrough a pln ·moJj ~1 l vein in which nuc le1 (N), 111.1 tochondr .1a (M), 
filaments (F), endopla sm and ectoplasm are shown. 
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/\nothcr aspect of plasmo<ljal ullrastructurc which lws been the 
subject of some controversy, is whether or not the Golgi complex is 
present in growing plasmodia. Goodman and Rusch (1970) and Huttermann 
(1973b) found that this complex became evident only during tl1e trnnsition 
from plasmodia to sclerodia and was absent from growing plasmodia and 
mature spherules. This transitory appearance coincided with the 
maximal activity of slime production. A tentative role for the Golgi 
apparatus in the secretion of the c xt-r;1 cel lul~1r sl imc s hc,ith w:i s 
therefore suggested. 
McManus (1965) and Zaar and Kleinig (1975), however, observed Golgi 
apparatus in Physarurn during logarithmic growth of plasmodia, during 
the spherulation process, and in the hand-walled spherules. Spores of 
Physarwn have also been shown to contain Golgi apparatus (Randall and 
Lynch, 1974). The present study confirms the existence of Golgi 
apparatus in exponentially growing microplasmodia (Fig. 3.6c). The 
inability to see these structures in ear lier studies could be due to poor 
fixation, to the small siz·e of the Golgi complex in Physarwn , or to 
a combination of both. 
Secretory vesicles have been observed attached to or in the 
immediate vicinity of the cisternae of the Golgi apparatus in Physarurn 
(Zaar and Kleinig, 1975; Figs . 3.6 and 3 . 3c, present study). In the 
earlier study, the vesicles were found to contain fibrils 
morphologically identical to those in the extracellular slime layer. 
In the present study, slime-like deposits were also seen attached to 
the inner surface of these vesicles (Fig. 3 . 3c) . These observations 
lend support to the hypothesis of Huttermann (1973b) that the Golgi 
apparatus is involved in the synthesis and secretion of the extracellular 
slime layer . 
A role for the Golgi apparatus in the synthesis and secretion of 
extracellular coats has been demonstrated in a number of different cells 
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(reviewed by Gull11i11g .111tl Steer, 1V75) . Electron mjcrographs of the tips 
of growing pollen tubes, for example , have been instrumental in 
formulating a mechanism for this process. These observations indicate 
that vesicles are detached from the dictyosomal cys ~rnac and subsequently 
migrate to the plasma membrane . There, they deposit their contents by 
reverse pinocytosis. A similar mechanism is proposed for the 
deposition of scales in some planktonic flagellates. Precursors of the 
sca l es are thought to arise from the outer nuclear membrane or from 
the endoplasmic reticulum and migrate via these endomembranes to the 
forming face of the dictyosomal cisternae. The cisternae plus contents 
are then thought to move as units through the stack. Cisternae 
bearing the assembled scales then migrate to and fuse with the plasma 
membrane. The scale is therby secreted exteriorly . Membranes of 
the Golgi apparatus lost to the plasma membrane during this process, 
are thought to be retrieved from vesicles arising from the endoplasmic 
reticulum or from the outer layer of the nuclear envelope (Gunning 
and Steer, 1975). 
The observations that secretory products of a cell are released by 
exocytosis (which involves fusion of the secretory vesicle with the 
plasma membrane) have led to the hypothesis that the Golgi apparatus 
may be involved in the r eutilization . of internalized membranes 
(Meldolesi, 1974). Such a recycling process appears to be essential 
in cells with high pinocytotic and phagocytotic activities because 
de novo synthesis is not rapid enought to account for an adequate 
replenishment of the cell surface. Macrophages and L cells, for 
example, can internalize 190% and 48% respectively, of the surface areas 
every hour (Steinman et a i ., 1976) . Rates of de novo synthesis of 
individual membrane proteins, however, may be of the order of days 
(Meldolesi, 1974). 
The Golgi apparatus can be regarded therefore as a dynamic complex 
105. 
functioning vi;1 nn "nssembly-ljne" me chanism. lt appears to play an 
important part in the processes of plasma membrane biogenesis and 
recycling, and in extracellular secretion. 
3.4.3 The Reorganization of Extruded Protoplasm of Physarwn 
The present study of the events occurring dµring the reorganization 
of protoplasm extruded from Physarwn was undertaken in an attempt to 
clarify the mechanisms of plasma membrane biogenesis. When a 
plasmodial ve in is pierced, protoplasm flows out rapidly because of 
the internal turgor pressure, and pressure generated during protoplasmic 
streaming, and forms a spherical "drop". Initially, the protoplasm 
consist s of an heterogeneous collection of nuclei, mitochondria, 
vacuoles, and other cytoplasmic inclusions. There are also fragments 
of membrane present on the surface. These could have been derived 
from plasma membrane invaginations into the vein, vacuolar membranes, 
cytoplasmic membranes, or from nuclei and mitochondria which had 
ruptured on exposure to air. It is clear however, that there is no 
intact surface membrane surrounding the protoplasm at this stage. 
For this reason, the term "naked protoplasm" is used to describe the 
zero-time extruded protoplasm. 
Within 10s after extrusion, changes in the protoplasmic organization 
are apparent . Most noticeable is the appearance of an amorphous 
zone of cytoplasm near the surface of the sample of extruded protoplasm. 
In places, this region is covered externally by a membrane. 
Discontinuities in the membrane appear to be "blocked" by organelles 
(Fig. 3.7b). Because of this organizational arrangement, the 
extruded protoplasm is by this time completely separated from the 
ext er Lot'. Migration of cytoplasmic vacuoles to the surface would 
account for the amorphous organelle-free region of cytoplasm. The 
fusjon of these vacuoles once assembled at the surface would be 
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instrumental in providing the "new" s urface membran e . /\bout 2min 
after extrusion, the membrane fusion reaction appears to be complete 
and the entire drop of protoplasm is surrounded by membrane. 
In earlier studies of this process (Stewart and Stewart, 1961; 
Wohlfarth-Bottermann and Stockem, 1970), electron microscopical 
examination of thin sections also indicated that · the new surface 
membrane was generated in a manner similar to that described here. 
Wohlfarth-Bottermann and Stockem (1970) described the formation of 
a large "vacuole" which completely surrounded the protoplasm within 
3s of extrusion from the vein. The "distal vacuolar membrane11 , i.e. 
the one furthest from the protoplasm, was said to slough off 
leaving the 11proximal vacuolar membrane 11 as the 11 new 11 plasma membrane. 
The sloughed off material can be seen still associated with the 
developing organism in Fig. 3.9d of the present study . 
Although the sequence of events described in the earlier study 
1s essentially in agreement with that seen here, there is a di screpancy 
regarding the timing of membrane formation . Wohlfarth-Bottermann 
and Stockem (1970) suggest, on the basis of evidence from ultrathin 
sections, that the new membrane is completely formed within 3s of 
exposure of the protoplasm to the environment. In the present study, 
a new membrane completely surrounding the protoplasm is not observed until 
at l east 2min after extrusion . This discrepancy could be due to the 
use of different fixatives in the two studies . Because the fixatives 
used by Wohlfarth-Bottermann and Stockem (1970) were slow to penetrate 
into the protoplasm, fixation was not inunediate. There could have 
been enough time, for example, for vacuole migration and fusion to occur 
even after addition of the fixative. This would therefore result in a 
mi.stiming of the events. The rapid penetration rate of t he 
paraformaldehyde/glutaraldehyde fixative used here, however, should 
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allow .i more accurate timjng of the membrane formnUon process (sec 
also section 3 .4.1). 
Because of the rapidity of the membrane assembly and fusion reaction, 
an accurate estimate of timing is difficult to obtain so.lely from 
electron microscopical examination. The precise timing of plasma 
membrane formation may be more readily ascertain~d electrophysiologically. 
Takenaka et al. (1975) measured changes over time of electrical 
resistance and light scattering at the surface of protoplasmic drops 
obtained from the alga, NiteZZa. Membrane formation appeared to occur 
rapidly (about Smin) after an initial lag of about 20min. These 
measurements indicated that the drop was completely surrounded by a 
membrane with electrical and light scattering properties similar to the 
plasma membrane of intact NiteZZa cells about 30min after extrusion. 
It was proposed that during the lag period, the drop was covered by an 
"immature membrane", not necessarily containing lipid. However, a 
detailed ultrastructural examination of reorganization of 
protoplasmic drops of Nitella was not presented and a comparison with 
the events occurring in Physarwn cannot be made. Similar 
electrophysiological experiments were attempted on Physarwn . Because 
of the rapidity of membrane formation in this system, no recordings of 
changes in electrical potential could be made before membrane formed 
around the tip of the microelectrode. 
From examination of thin sections it is probable that the mechanism 
of plasma membrane biogenesis by naked protoplasm from Physarwn is 
one of assembly and fusion of pre-existing internal membranes. The 
membrane formation process appears to be a prerequisite for any further 
protoplasmic reorganization. This was indicated by the inhibitory 
effect of procaine on membrane formation, protoplasmic streaming, and 
formation of migrating plasmodia (Table 3.1). Procaine is a local 
anaesthetic thought to inhibit fusion of membranes by competing with 
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C 2+ . f a ions or the same sites on the membrane (for further details of 
tho membrane fusion process see Chapter 1). An interesting (and 
unexplained) observation of the effects of local anaesthetics is that 
tetracaine and verapamil had no observable effects on plasma membrane 
formation or further reorganization in naked protoplasm. Both of 
these anaesthetics are regarded as being more potent inhibitors of 
membrane fusion than procaine (Poste andAllison, 1973) although neither 
has been tested previously on Physarum . It is possible that, although 
both verapamil and tetracaine and known to inhibit fusion of artificial 
membranes and mammalian membranes, they may not have similar potency in 
Physa.rwn. It is also possible that the inhibitors did not diffuse 
rapidly from the agar into the plasmodium. Because plasma membrane 
formation is thought to occur within 2min after extrusion, rapid 
diffusion of the inhibitors is especially important. 
The molecular events involved in the assembly of vacuoles and their 
subsequent fusion in extruded protoplasm remain uncertain. The 
process of vacuole, vesicle, and cisternae mobilization to the surface 
of the naked protoplasm could be regarded as a large scale analogy of the 
mobili zation of secretory vesicles derived from the Golgi apparatus 
to the plasma membrane as described earlier. Although the pathway 
whereby membrane vesicles are transferred from the Golgi apparatus to 
the plasma membrane is not clear, microtubules have been postulated to 
act as a guiding system (Gunning and Steer, 1975) . That microtubules 
may be involved in membrane mobilization in protoplasmic drops is 
doubtful because of the reported absence of microtubules in the cytoplasm 
of Phy arwn plasmodia (Rhea, 1966; Jacobson et al ., 1976). In support 
of this is the absence of any effects of colchicine, a drug thought to 
depolymcri ze microtubules, on the reorgani zation of protoplasm from 
Physarwn (Table 3 .1). 
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Perhaps a more likely candidate to play a role in the guidance 
of membrane-bounded vacuoles to the protoplasmic surface is cytoplasmic 
actin. In previous studies of plasmodial ultrastructure, bundles of 
actin filaments have been identified in the gel ectoplasmic region 
of the cytoplasm. Indeed, the increased viscosity observed in 
protoplasmic drops about 10s after extrusion has been shown to result 
from a change in the peripheral region of the protoplasm from sol to gel 
(Wohlfarth-Bottermann, 1962). This change in state has in turn been 
shown to coincide with a polymerization of actin into filaments within 
the periphery (Isenberg and Wohlfarth-Bottermann, 1976). Moreover, 
actin filaments have been observed in close association with the membranes 
of plasma membrane invaginations and cytoplasmic vacuoles (Wohlfarth-
Bottermann, 1964). Filamentous attachments between nuclei and 
mitochondria were also observed with the aid of scanning electron 
microscopy. As discussed further in Chapter 4, these filaments ~re 
thought to contain actin . 
Although its mechanism of action has not been completely clarified, 
cytochalasim Bis thought to act by inhibiting the polymerization of 
actin (Spooner e t al ., 1971; Lin and Spudich, 1974) . At concentrations 
known to inhibit protoplasmic streaming in Physarwn (lOOµM), this drug 
has. no apparent inhibitory effect on plasma membrane formation around 
naked protoplasm (Table 3.1) . The ensuing protoplasmic reorganization 
does, however, appear to be inhibited by cytocha lasim B. It appears 
therefore, that protoplasmic streaming, which is inhibited by this 
drug, plays an integral part in the formation of a "new" plasmodium 
from extruded protoplasm. 
The effect of cycloheximide, an inhibitor of euk aryotic protein 
synthesis, was also tested on the reorganization of naked protoplasm. 
As shown in Table 3.1, protoplasmic streaming and plasma membrane 
formation were unaffected. However, protoplasmic reorganization into 
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a migrating pl::ismo<lium wa.s inhibited. It appears therefore, that 
some de nova protein synthesis may be involved in this process. All 
these processes, however, appear to occur independent of any energy 
supplied by electron transfer . The inhibitor of electron transport, 
KCN, had no observable effects on the complete reorganization of 
protoplasmic drops. It appears, therefore, that energy supplied from 
another source, such as glycolysis, is sufficient to support plasma 
membrane formation and protoplasmic reorganization in this system. 
The precise mechanisms of membrane biogenesis around naked protoplasm 
of Physarwn remain unclear. What can be said of this process is that 
it is rapid and appears to occur via a mobilization and fusion of 
preexisting cytoplasmic membranes . The speed with which the 
regeneration of a plasma membrane around naked protoplasm occurs, can 
be seen as an important fundamental property of the plasmodium which 
allows for rapid repair to any damaged areas of plasmodium . A more 
detailed biochemical investigation of the properties involved is 
hindered by the absence of a suitable marker for the plasma membrane 
(Chapter 2) . A complete description of the mechanisms involved, 
therefore must await progress in this area. 
CHAPTER 4 
MEMBRANE-FILAMENT ASSOCIATIONS 
IN PLASMODIA OF PHYSARUM 
4.1 Introduction 
It is now well recognized that proteins closely resembling muscle 
actin are ubiquitous amongst eukaryotic cells. In some instances 
this protein can account for as much as 20% of th e total cellular 
protein (Pollard and Weihing, 1974) . In Physarum, actin is estimated 
to comprise between 2% and 5% of the total plasmodial protein (Jacobson 
et al . , 1976). During recent years a great deal of circumstantial 
evidence has accumulated implicating actin in such manifestations of 
cell motility as protoplasmic streaming, endo-and exocytosis, amoeboid 
movement, cytokinesis and mitosis (reviewed by Clarke and Spudich, 1977). 
Except for isolated cases such as echinoderm sperm cells (Tilney, 
1975), the quantity and intracellular localization of monomeric actin 
remain largely unknown. Filamentous actin, however, is more readily 
seen in ultrathin section than monomeric actin and has been localized 
in specific areas within many types of cells . It appears that actin 
filaments probably exist both as individual filaments and as lateral 
aggregations of filaments or bundles. While both of these forms are 
thought to play a role in manifestations of cell motility, the filament 
bundles may serve in addition, a cytoskeletal role (Brown et al ., 1976). 
Thus, the bundles could provide the cell with a characteristic shape 
and a degree of rigidity. 
Studies using morphological techniqu~s such as negative staining 
of IIMM-labcllc<l material (sec section 1.5 ) or light microscopy of 
material incubated withfluoresc€in4abelled antibody (La zarides, 1976) 
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have s hown that large quantities of indj vidu:il filaments and bundles 
occur 1n the cortical region (i.e . the region immediately underlying 
the plasma membrane) of many cells. These form a complex intertwining 
mesh which, quite often, excludes tl1e majority of organelles and 
forms a lucen t area at the cell periphery t ermed the hyaline ec topl asm . 
In the "sliding-filament" model of muscular . contraction, actin 
filaments are anchored to the Z-line of a sarcomere and slide past 
the interdigitating myosin filaments (Fig . 1.4; Huxley, 1969). 
If a similar mechanism is responsibl e for non-muscle cell motility, 
the existence of actin attachment sites analogous to the Z-line of 
muscle cells is postulated . A likely candidate for this role is the 
plasma membrane. The concentration of filaments close to the cell 
periphery and the need for motile forc e transmission to the substrate 
via the plasma membrane support this hypothesis and argue for links 
between the plasma membrane and actin filaments . 
Organized bundles of ~ctin-containing filaments within the 
cytoplasmic matrix of Physarum, were first observed by Wohlfarth-
Bottermann (1962; 1964). These were called "fibrils" and were 
sometimes more than lµm thick and up to several µmin length and had 
close contact with vacuoles of various sizes. Moreover, the vacuoles 
appeared to be deformed in the longitudinal direction of the fibrils. 
It was proposed, therefore, that the fibrils were imposing a tension on 
the vacuolar membranes to which they were attached . 
In the present chapter the associations between membranes and 
fibrils in Phy arum are described in more detail. Microscopical 
techniques were used to examine the morphological aspects of the 
associations . The results of biochemical experiments aimed at 
characterizing the filaments in the fibrils are also presented. 
4 . 2 McthoJs 
4.2 .1 Microscopy 
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For ,ight microscopy, fragments of growing macroplasmodia (about 
3mm square) were scraped from the surface cultures and squashed in a 
drop of 1:1 (v/v) glycerol/ethanol fixative between a microscope slide 
and coverglass. This material is subsequently -referred to as a 
plasmodial squash. 
For scanning electron microscopy, plasmodial fragments were 
squashed (in the paraformaldehyde/glutaraldehyde fixative Jescribed in 
section 3.2) between two aluminium scanning electron microscope stubs . 
The stubs had been previously coated with polylysine (Smg/ml). This 
coating was found to be necessary for the adhesion of the plasmodial 
squash to the surface of the stubs during subsequent processing. The 
material was dehydrated, critical-point dried, and coated with a 7 - 10nm 
layer of gold as described in section 3 .2. 
When microplasmodia were homogenized in buffered sucrose (see 
section 2.2) and the homogenate allowed to s tand in a tube at room 
temperature for about an hour, a large proportion of the homogenate 
settled to the bottom of the tube. When examined with the phase 
contrast microscope, the settled material was found to consist of 
large aggregates of cytoplasm and organelles which had not been completely 
dispersed during homogenization. This material was also applied to 
polylysine-coated stubs . After processing for scanning electron 
microscopy, a thin layer of material remained adhered to the stubs. 
This was subsequently examined with the scanning electron microscope. 
Indirect immunofluorescence was also attempted on the settled 
material. The material was incubated with human anti-actin in 
Eppendorf centrifuge tubes for 90min at room temperature. The anti-actin, 
which was a gift from Dr. Don Morton, C.S.I.R.O. Meat Research 
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Laboratory, Cannon Hill, Qld., was obtained from sera of patients with 
active chronic hepatitis. This sera has previously been shown to 
contain a specific anti-actin antibody (Johnson et al ., 1965). It 
has been used to demonstrate the presence of actin in a variety of 
tissues (Toh et al ., 1976). Following incubation with the antibody, 
the material was washed with 20 volumes of phosphate buffered saline 
(pH 6.8) and incubated with fluorescein labelled sheep anti -human 
immunoglobulin (Wellcome Research Laboratories, Beckenham, England) for 
90min at room temperature. This had been adsorbed previously by 
another sample of the sedimented material so that non-specific 
fluorescence would be minimized. Appropriate controls were also 
included to allow for any non-specific fluorescence. The fluorescent 
labelled material was then examined using fluorescence and phase contrast 
optics of a Zeiss microscope . 
Negative staining of the settled material or of subcellular 
fractions enriched in mitochondria or membranous vesicles (see section 
2 . 2) with or without prior incubation with heavy meromyosin was 
performed according to the method described by Huxley (1963) . In some 
instances, a fixation step (Smin in 2% (v/v) glutaraldehyde) was 
included prior to staining with 2% (aq) uranyl acetate. This step was 
introduced in an effort to preserve ultrastructure . Copper grids which 
were coated with a thick layer of carbon and glow discharged were used 
throughout. Heavy meromyosin was obtained from rabbit muscle myosin 
and was prepared by Dr. Ian Buckley, Department of Experimental 
Pathology, John Curtin School of Medical Research, A.N.U., Canberra. 
4.2.2 Electrophoresis 
Subcellular fractions of Physarum were obtained as described in 
section 2 . 2 and subjected to sodium dodecyl sulphate (SOS) disc gel 
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electrophoresjs using the discontinuous buffering system described by 
Laemmli (1970). 
5% stacking gels and 10% separation gels were prepared from a stock 
solution of 40% (w/v) acrylamide and 1.5% (w/v) bis-acryl amide . The 
separation gel con tained 1% (w/v) SOS and was chemically polymerized 
using TEMED and ammonium persulphate at final con~entrations of 0.025% 
(w/v) and 0.15% (v/v) respectively. The separation gel, which contained 
SOS to a final concentration of 0.1% (w/v), was polymerized using final 
concentrations of 0.05% (w/v) and 0.15% (v/v) of the respective 
catalysts. Following polymerization, the surfaces of the gels were 
rinsed with distill ed water and overlaid with electrophoresis buffer. 
Gels were stored at O - 4°C for at least 12h before use. 
Subcellular fractions and purified proteins used as standards were 
prepared for electrophoresis by boiling in the dissociating solution 
described by Laemmli (1970) for 1.5 - 2min . When coo~ 5µg of the 
standard proteins and lOOµg of subcellular fraction protein (Lowry et aZ ., 
1951) were applied to the gels . Electrophoresis was performed at 2mA 
per gel until the bromophenol blue marker was within 0.5cm of the 
bottom of the gel . All gels were run until the marker reached the 
same position . Running time was about 12h. 
Following electrophoresis, the gels were immediately removed from 
the glass tubes, stained with 0 . 025 % (w/v) coomassie blue in 25% (v/v) 
isopropyl a lcohol and 10% (v/v) acetic acid overnight. The gels were 
t hen destained for 6 - 9h in 0 . 0025% coomassie blue in 10% isopropyl 
a l cohol and 10% acetic acid and then transferred to 10% acetic acid 
until the background was clear (Fairbanks et aZ ., 1971). Staining 
and destaining was performed at 37°C. Using this method the patterns 
of bands were discernible about 24h after the conclusion of 
electrophores is. 
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Proteins use<l us stan<lar<ls were (3 -gc1lactosidc1 se, ovalbum_i_n, 
cytochrome c, bovine serum albumin, trypsin, pyruvate kinase, 
glutamate dehydrogenase, and creatine kinase. Molecular weights of 
the proteins in plasmo<lial fractions were estimated by plotting the 
log molecular weight of the standard proteins against their relative 
mobility (Weber and Osborne, 1969). A straight. line was obtained for 
the molecu l ar weight range 10,000 - 150,000 daltons . 
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4. 3 Results 
A noticeable feature of plasmodial squashes seen with the phase 
contrast microscope is prominent networks of phase-dense fibrils. 
These occur both within and outside the cytoplasmic matrix. As shown 
in Figs. 4.la and 4.lb, the fibrils are composed of several thread-like 
strands. Sometimes fibrils are up to lOµm in diameter, and frequent 
branching can be seen. As well as thick, branching fibrils, long 
straight strands about 1 - 2µm in diameter are common (Figs. 4.lb and 
4. le) . These sometimes are seen to extend for several hundred µm. 
Branching networks of these strands are also present but are observed 
less frequently (Fig . 4.ld) . 
In addition to the prominent fibrils, numerous organelles are 
clearly discernible. Nuclei are distinguished by their size (4µm in 
diameter) and phase dense nucleoli . Mitochondria (1 - 2µm) which are 
more abundant than nuclei, can also be readily distinguished. 
bounded spherical vacuoles, about 7 - 8µm in diameter, are seen 
Membrane-
occasionally (Fig. 4.lb). All organelles are found either freely 
floating in the cytoplasmic matrix or closely associated with the fibrils. 
Indeed, as is shown in Figs. 4.la - 4.ld, some organelles are associated 
with all of th e fibrils seen . 
To examine the associations of organelles with fibrils at 
different depths of field, the oil immersion objective was focused up 
and down. This has the effect of decreasing and increasing the 
pressure being applied to the plasmodial squash by the coverglass . When 
this is done, those organelles not associated with the fibrils, rapidly 
disappear from the field of view . Those closely associated with the 
fibrils, however, maintain their relative positions. These observations 
were indications that the organelles are directly attached to the 
fibrils . 
Fig. 4 . 1 Phase contrast micrographs of plasmodial squashes of Physarwn . 
(a) Micrograph showing fibrils (F) which appear to be 
closely associated with nuclei (N) and mitochondria (M) . 
Some organelles are also present free in the cytoplasm. 
(b) Micrograph showing another plasmodial squash in which 
vacuoles (V) also appear to be associated with the 
fibrils (F). 
(c) Micrograph showing a long, straight fibril with 
associated nuclei (N) and mitochondria (M). 
(d) Micrograph showing a branching network of fibrils (F) 
with associated nuclei (N) . 
a 
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In the l ·ight of these observations, it was <leci<led to examine the 
fibril-organelle associations in more detail using the scanning electron 
microscope. In initial experiments, plasmodial fragments were squashed 
(in fixative) between two scanning electron microscope stubs to which 
polylysine-coated coverglasses had been previously attached. When 
examined, it was almost impossible to resolve any detail at high 
magnification. The reason for this is believed to be the poor 
conducting qualities of the glass which was covered with only a very 
thin (7 - 10nm) coating of gold. 
To overcome the problems of conducting the energy of the electron 
beam away from the specimen, plasmodial fragments were squashed (in 
fixative) directly between two polylysine-coated stubs. When this 
was attempted, however, it was impossible to generate a "plasmodial 
squash" of the kind formed between glass slide and coverglass i.e., 
a thinly spread smear of protoplasm. This is attributed to the rough 
surface of the stubs in comparison with the glass and the associated 
difficulty in adequately squashing the fragment. 
When material prepared in this manner is examined, however, it is 
possible to find · occasional "holes" in the plasmodial surface. It is 
thought that these are introduced during the squashing procedure which 
damages and removes portions of the plasma membrane. Fig. 4.2a is a 
scanning electron micrograph of the detail seen in one of these holes. 
Note the ~omplex network of fibrous material enmeshing the organelles. 
This network appears to be subtended from near the surface of the 
plasmodium by long (about 20µm), relatively straight strands which 
are aligned in parallel. 
The organelles within the plasmodium appear to be not only 
surrounded by the fibrous network, but also attached to the fibrils. 
A higher magnification of the circled area in Fig. 4.2a is shown in 
Fig. 4.2 Scanning electron micrographs of the internal organi zation 
of plasmodia of Physarum seen in a "hole" in a plasmodial 
squash. 
(a) Nuclei (N), mitochondria (M), and vacuoles (V) are 
present. These are interconnected by a complex fibrous 
network. Vacuoles appear to have been flattened during 
the squas hing procedure. The arrow indicates the region 
immediately underlying the plasma membrane. 
(b) Higher magnification of circled region in (a). The 
fibril appears to be continuous with the surface of the 
vacuole. 
(c) Higher magnification of a branch-point of the bundle 
of fibrils shown in the top left of (a). Small 
sphericleparticles about 60 - 90nm in diameter are 
attached to some of the fibrils. 

119. 
Fig. 4.2b. The surface of this organelle, which is tentatively 
identified as a vacuole flattened during the squashing procedure, is 
clearly continuous with a fibril. Because of the limited resolution 
of the scanning electron microscope in the region of 100nm, the actual 
diameter of the fibril and the number of component filaments is 
impossible to unequivocally establish. (An est'imate of the diameter 
is about 200nm). 
A higher magnification of the branch-point of the bundle of strands 
is shown in Fig. 4 . 2c . Numerous thread-like strands (about 50nm in 
diameter), comprising the bundle can be seen both in parallel register 
in the bundle and individually intertwined at the branch-point. Small 
(60 - 90nm in diameter) spherical particles attached to the fibrils can 
also be seen. These particles do not appear to be attached to the 
individual branching strands . 
Because of the difficulty in adequately squashing plasmodia between 
scanning electron microscope stubs, and hecause of tl1e . scarcity of holes in 
the plasma membrane where any useful detail could be distinguished, an 
a lternative procedure was sought. During the course of subfractionation 
studies (described in Chapter 2) it was noticed that if an homogenate 
were l eft standing at room t emperature for an hour or more, a large 
proportion of the homogeni zed material settles to the bottom of the tube. 
When this material is examined with the phase contrast microscope, phase-
dense fibrils associated with organelles are seen. These are similar 
to those previously observed in pl asmodial squashes. The settled 
material was therefore further examined with the scanning electron 
microscope. As shown in Fig. 4.3a, the pattern observed is almost 
identical to that seen in the phase contrast microscope lcf Fig. 4.lb). 
A network of fibrils to which nuclei, mitochondria, and vacuoles appear 
to be attached can be seen. In some areas of the preparation, large 
Fig. 4.3 Scanning electron micrographs of settled material. This 
is the material which settled to the bottom of a tube when 
an homogenate of microplasmodia of Physarum was left 
standing at room temperature for about an hour. 
(a) Nuclei (N) are closely associated with a complex 
network of fibrils. 
(b) Fibrils are also attached to portions of the plasma 
membrane (PM). A clump of nuclei(N) is also present. 
(c) Higher magnification of a fibril to which a nucleus (N), 
several mitochondri a (M), and a vacuole (V) are attached. 
All organelles appear to have been damaged during 
homogenization. This damage is especially pronounced 
in the vacuole which appears to have been ruptured . 
(d) Micrograph s howing a fibril to which large quantities 
of unidentified material are attached . An intact 
nucleus (N), does not appear to be closely associated 
with the fibri l. 
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fragments of membrane are attached to the polylysine-coated stub 
(Fig . 4 . 3b). Nuclei, mitochondria and large quantities of fibrils 
appear to be attached to the membrane. 
When the associations of fibrils and organelles in the settled 
material were examined more closely, it was noticed that some of the 
organelles had been extensively damaged. This is shown clearly in 
Fig. 4 . 3c where a large ruptured vacuole (V) is attached to a fibril. 
The other organelles are presumed to be a nucleus (N), and a 
mitochondrion (M), although a positive identification of these organelles 
is difficult because of their damaged state . Also noticeable in the 
settled material is the large quantity of material - apparently adhering 
to the fibrils (Fig. 4 . 3d) . 
When examining a stub with the scanning electron microscope, it was 
often difficult to find a suitable field of view. Indeed, it was not 
uncommon to find that all of the material was lost from the surface of 
the stub during processing. A more readily accessible system which was 
reproducibly easy to examine was found in nak ed protoplasm fixed 
immediately upon extrusion from a plasmodial vein (Figs. 3 . lc and 3.7a) . 
The results of this examination are summarized in Figs. 4 . 4a - 4.4d. 
/\s described previously (section 3 . 3), the surface of a zero-time 
protoplasmic sample consists of clumps of ·nuclei and large quantities of 
mitochondria. These organelles all appear to be interconnected by a 
filamentous network (Fig. 4.4a) . When examined in more detail, links 
between nuclei and mitochondria can be seen (Figs . 4.4b and 4.4c). 
The links are formed by thread-like strands which are about 75nm in 
diameter. As shown in Fig. 4.4c, they form a random, .branching network 
amongst the organelles. It is also obvious in this figure that the 
strands are apparently continuou with the membranes of the organelles. 
In order to discount the possibility of the fibrous network seen 
Fig. 4.4 Scanning electron micrographs of the surface of zero-time 
extruded protoplasm. 
(a) Nuclei (N) and mitochondria (M) are present at the 
surface and are interconnected with a fibrous network. 
(b) Higher magnification of the boxed area in (a). A 
complex fibrous network is seen interconnecting the 
nuclei (N) and mitochondria (M). 
(c) Higher magnification of the boxed area in (b). 
Individual, branching fibrils can be seen inter-
connecting nuclei (N). 
(d) Micrograph showing another region of the surface 
where a nucleus (N) and mitochondrion (M) appear to 
be linked by a fibrous network. 
500nm 
N 
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at the surface of naked protoplasm being artefactual, fractured 
critical-point dried veins were reexamined. The internal organization 
of the vein was described in section 3.3 and is shown again in Fig . 
4 .Sa . Within the ectoplasm is a complex anastomosis of fibres. This 
is seen more clearly in Fig. 4.Sb. Some of the finer strands aggregate 
to form bundles or fibrils while others appear tb intertwine, thereby 
forming a complex network. Although more difficult to distinguish 
than in naked protoplasm, because of the greater complexity of the 
ectoplasm of the vein, it is possible to identify organelles such as 
nuclei and mitochondria. The fibrils in the network appear to be 
attached to these organelles. One feature that should be noted is 
that the fi l amentou s network is apparent only within the ectoplasmic 
region of the vein and not in the endoplasm (Fig. 4 .Sa) . The 
possibility that similar fibrils do occur in the endop l asm however, is 
not discounted because any endoplasm which would have been visible in 
t he scanning e l ectron microscope is thought to be removed during the 
fracturing process (see section 3.4). 
Negative staining was used in an attempt to gain a better insight 
into the nature of the fibrils attached to the organelles. Fig. 4.6 is 
a transmission electron micrograph of a negatively-stained preparation 
of mitochondri a. A fibril consisting of a bundle of filaments 
at tach ed to a mitochondrion is clearly visible. The bundl e ranges in 
t hickness from 45 to 65nm and contains about 8 individual fi l aments . 
Some of tl1e filaments branch out from the bundle (arrows) . From this 
micrograph it is estimated that the diameter of the individual filaments is 
i n the range of 5 - 8nm which is similar to the diameter of actin filaments. 
In order to verify that the filaments in the bundles do 
contain actin, heavy meromyosin l abe lling and fluorescent antibody 
labelling were attempted. No arrow- he ad patterns characteristic of 
Fig. 4.5 Scanning electron micrographs of the internal organization 
of plasmodial veins. 
(a) Region near the surface of a vein showing the ectoplasm 
(EC) which consists of a complex fibrous network 
enmeshing nuclei (N) and mitochondria (M). The hollow 
area is thought to represent the region occupied by 
endoplasm (EN) in the streaming organism. 
(b) Higher magnification of the boxed area in (a). The 
complex anastomosis of branching fibrils can be seen. 
A mitochondrion (M) ·is attached to part of the network. 

Fig. 4.6 Electron micrograph of a negatively stained preparation of 
mitochondria. A fibril (F) appears to be attached to a 
mitochondrion (M). The fibril contains a number of 
individual filaments aligned in parallel register. Some 
filaments can also be seen branching from the fibril 
(arrows). 
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IIMM-labelle<l act in filaments could be seen when the former technique 
was tried. Some difficulty was experienced, however, in obtaining optimal 
negative-staining conditions in these experiments which could account 
for the absence of any detectable arrow-head complexes . When material 
which settled after an homogenate was left standing for some time was 
incubated with a fluorescein-labelled antibody known to be specific for 
actin, fibrils were found to fluoresce slightly. However, these 
experiments were limited in their resolving power by the small quantities 
of fluorescent antibody which were available. 
As an additional approach to the identification of the protein 
components of the filaments, SOS polyacrylamide gel electrophoresis 
was carried out on the various subcellular fractions obtained after 
differential centrifugation . As is shown in Fig. 4.7, all fractions 
contain a protein which has the same molecular weight (45000 daltons) 
as actin. That large quantities of actin are present as G-actin is 
indicated by the large relative concentration of the 45000 dalton band 
in the supernatant. A protein with a molecular weight of 52000 daltons 
is a lso present in al l fractions. This may be the subunit of 
intermediate filaments (10nm diameter) described by Shelanski et al . 
(1976). 
In an attempt to dissociate fibrils from the membranes of 
organelles, mitochondrial and crude membrane fractions were incubated 
for 24h at 4°C i n solutions previously described as actin-djssociating 
solutions. These included 0 . 6M KI, 0.5mM dithiothreitol, 20mM 
imidazole (pH 8 . 0) (Spudich, 1974) and 0 . 5M KCl, 0.5mM 2-mercaptoethanol, 
5mM imida zole (pH 7. 5) (Gallagher et al . , 1976). The fractions were 
a l so incubated with DNAase I (5mg/mg protein in the fraction). This was 
included because DNAase I interacts with skeletal muscle F-actin and 
causes its depolymeri zation (Hitchcock et a l ., 19 76) . After incubation 
Fig . 4.7 - SDS polyacrylamide gel profiles of subcellular fractions 
of Physarwn microplasmodia . The subcellular fractions 
were prepared as described in section 2 . 2 . 4 (a) and 
consist of the homogenate (H), a 500g pellet (L), a 3000g 
pellet (M), a 27000g pellet (V), and supernatant (S). 
Bands corresponding to molecular weights of 52000 daltons 
and 45000 daltons are indicated (52K and 45K) . 
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(with gentle ugitation) with these solutions, the fractions were 
pelleted, washed, repelleted, and electrophoresed. However, no 
discernible alterations in the relative proportions of actin in these 
preparations could be detected. 
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4.4 Discussion 
Several different types of filamentous assemblies have been 
described in non-muscle cells. These include microtubules, actin and 
myosin filaments, und intermediate filaments. Microtubules arc 
composed principally of 55,000 dalton subunits which assemble into 
tubular structures about 24nm in diameter (Amos et ai ., 1976). The 
role of microtubules in the cell is thought to be a cytoskeletal one. 
Continuing attempts to demonstrate tubulin within Physarwn plasmodia have 
produced uniformly negative results (Jacobson et ai ., 1976). It appears 
unlikely, therefore, that filaments associated with organelles and the 
plasma membrane , in Physarwn are microtubules. 
There is also no evidence that myosin is present in filamentous 
form within plasmodia although this protein is thought to comprise about 
0.5 - 1.0% of total plasmodial protein (Jacobson et ai ., 1976). However, 
myosin extracted from Physarwn plasmodia has been induced to form 
filaments in vitro . It is possible therefore, that myosin filaments are 
poorly pres erved during fixation, or are difficult to distinguish in situ, 
or form only transiently in the pl asmodium. Nevertheless, it is 
thought unlikely that the fibrils seen in this study, consist primarily 
of myosin. 
Intermediate filaments are so called because of their diameter 
which, at 10nm, ·is intermediate between actin (5 - 8nm) and myosin 
(25nm) filaments and microtubules (24nm) . They have been found in 
cardiac muscle cells, smooth muscle cells, fibroblasts, and macrophages. 
Morphologically similar filaments, termed neurofilaments, occur in 
nerve cells (Schollmeyer et ai ., 1976). Intermediate filaments differ 
from actln and myosin filaments in fine structure, solubility, and 
pattern of distribution within cells. From studies using polyacrylamide 
gel electrophoresis, it appears that a protein with a molecular weight 
. 
I 
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of about 52,000 daltons is the main component of intermediate 
filaments (Shelanski et al ., 1976). It is also apparent, at least 
in smooth muscle cells, that these filaments form structural attachments 
with so called "dense bodies" in the sarcoplasm and in the plasma 
membrane (Cooke, 1976). To date, intermediate filaments have not been 
demonstrated in plasmodia of Physfil'um. It is possible, however, that 
they are present. As shown in Fig. 4.7, a band corresponding to a 
molecular weight of 52,000 daltons is present in SOS polyacrylamide gel 
electrophoretograms of fractions of pl asmodia of Physarum. Moreover, 
the resolving power of the scanning electron microscope is not sufficient 
to differentiate between filaments of actin (5 - 8nm) and intermediate 
filaments (10nm). 
Associations between filaments and membranes in Physfil'um were 
recognized more than ten years ago (Wohlfarth-Botterman, 1962; 1964). 
In those studies, thread-like structures about 5 - 8nm in diameter 
(referred to as "plasma filaments"J were observed within the outer 
ectoplasmic region of plasmodia. These filaments formed a three-
dimensional network around the endoplasmic core. A similar pattern 
of organization is seen in scanning electron micrographs of veins which 
have been fractured after critical-point drying (Figs. 4.5a and 4.5b). 
In addition, Wohlfarth-Botterman (1962) observed complex fibrils 
consisting of plasma filaments aligned in parallel. Some peripheral 
fibrils appeared to be attached to the plasma membrane and its 
invaginations. It was considered that tl1ese connections were important 
for the transmission of tension throughout the plasmodium. 
In the present study, when negatively stained preparations of 
Phy arum were examined, bundles of filaments aligned in parallel were 
found associated with the membranes of organelles (Fig . 4 . 6) and the 
plasma membrane (not shown). The diameter of individual filaments in 
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the bundl e is S - 8nm. This is identical to the diameter of plasma 
filaments seen in thin section (Wohlfarth-Bottermann, 1962; 1964). 
This is also identical to the diameter of actin filaments. It is 
proposed, therefore, that fibrils associated with the plasma membrane 
and with organelles in Physarum plasmodia consist of bundles of actin 
filaments aligned in parallel. 
Experiments designed to verify that actin was the main component 
of the fibrils were initiated . However, as described in section 4.3, 
these were only of limited success. When material which settled in 
a tube after an homogenate was left standing was incubated with 
fluorescent-labelled anti-actin and examined, only faint fluorescence 
was detect ed . It is thought that this was due to the small quantity of 
antibody which was available for these experiments. To overcome this 
problem, it is obvious that larger quantities of the antibody should be 
used on smaller samples of material . The fluorescence that was 
observed, however, was associated with the fibrils associated with 
organelles in the cytoplasm. There was very littl e background 
fluorescence. This suggests that the fibrils may contain actin filaments. 
Pre liminary experiments in which subcellular fractions were 
in cubated with HMM were unsuccessful at labelling filaments in an 
arrow-head conformation. This could mean either the filaments do not 
contain actin, or they do contain actin but some factor is blocking the 
binding of HMM. Many negatively stained preparations were examined. 
The parallel alignment of fila~ents (all S - 8nm in diameter) into 
bundles is evidence in favour of the filaments containing actin. 
inv stigations into the conditions used for HMM binding to actin 
filaments in Phy arum are therefore necessary. 
Further 
It is often difficult to observe filamentous networks in ultrathin 
sections 20 - 60nm thick. This is because of possible masking by other 
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components of the cytoplasm and because of the technical problems 
associated with cutting sections within the plane of the fibrils. 
Wohlfarth-Bottcrmann (1965) found that some fibrils attained dimensions 
which arc visible in the light microscope . Thus, l arge areas of 
plasmodium can be examined quickly and quantitatively for fibrillar content. 
In addition, any fixation artefacts which may be. inherent in the 
preparation of material for electron microscopy can be overcome with 
the use of phase contrast microscopy. 
From observations of plasmodial squashes with the phase contrast 
microscope (Figs. 4.la - 4 .ld) it . is obvious that, as well as being 
attached to the plasma membrane and its invaginations, fibrils are 
closely associated with organelles. When these associations are 
examined more closely with the scanning e lectron microscope, it appears 
that the fibrils are indeed continuous with the surface membranes of 
the organelles. 
The most convincing demonstration of fibril-organelle associations 
in Physarwn i s the observation of naked protoplasm (Fig; . 4.4a - 4.4ct) 
which is thought to consist essentially of endoplasm . Nagai and Kato 
(1975) described many individual filaments (but no large bundles) 
within naked protoplasm. It was proposed that these filaments assembled 
into bundles (or fibrils) within the peripheral region of the protoplasm 
a few minutes after extrusion. This coincides with a transformation 
of the protoplasm from sol to gel. In a later examination, however, 
Isenberg and Wohlfarth-Bottermann (1976) failed to find any filaments 
in naked protoplasm. Only non-filamentous actin could be demonstrated. 
It was proposed that polymerization and assembly of actin filaments 
occurred within the protoplasmic periphery several minut es after 
extrusion from a plasmodial vein . It was thought that this was 
responsible for the sol-gel transformation. Nagai and Kato ' s 
observations of individual filaments was said to be artefactual 
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because of the preparative methods used. (E~rA was used in the 
preparation of surface spreads of endoplasm. This is thought to 
favour actin polymerization (Isenberg and Wohlfarth-Bottermann, 1976)). 
In neither of these investigations, however, is there any indication of 
actin-organelle associations within the naked protoplasm. 
In the present study, fibrils are distinct at the surface of 
extruded protoplasm (Fig. 4.4a). They appear to form a network 
interconnecting the organelles present (Figs. 4.4b - 4.4d). This 
observation can be interpreted as supporting the observations of Nagai 
and Kato (1975) who described individual filaments within the endoplasm. 
However, there is a possibility that naked protoplasm does not consist 
purely of endoplasm. As shown in Fig . 4.Sa, a thick layer of ectoplasm 
surrounds the central stream of endoplasm in the vein. Moreover, 
there is a complex, dense network of filaments within the ectoplasm 
(Fig. 4.Sb). Therefore, it is possible that some of this filamentous 
network is extruded along with the endoplasm when a vein is pierced . 
Alternatively, and in s upport of Isenberg and Wohlfarth-Bottermann's 
observations, actin may polymerize into filaments following extrusion 
of the endopl asm . Spontaneous polymerization of actin extracted from 
Acant hamoeba and sea urchin eggs has been observed within a few minutes, 
when extracts are warmed (Kane, 1976; Pollard 1976a). From the 
published data and the present observations, it is not possible to favour 
exclusively either one of these hypotheses. It is certain, however, 
that filament bundles are attached to cytoplasmic organelles and to 
pl asma membranes of plasmodia of Physarwn . 
The possibility that cytoplasmic organelles may be attached to 
actin microfilament s was first raised some time ago (Buckley and Porter, 
196 7) . A complex network of .filaments, each 7nm in diameter, was seen 
closely surrounding mitochondria and endoplasmic reticulum in cultured 
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fibroblasts . Actual attachments of the filaments to the organelles, 
however, could not be proven. 
Despite this early observation, there is still very little 
conclusive evidence for the existence of F-actin-organelle attachments. 
The best evidenc e for this comes from studies on the green alga, Nitella. 
Bundles of actin microfilaments have been observed by light microscopy 
(Williamson, 1975) and scanning electron microscopy and negative staining 
(Kersey and Wessells, 1976) associated with membranes of stationary 
chloroplasts in this organism. The nature of the organelle-membrane 
associations was not investigated. 
Actin has also been identified in filaments associated with lysosomes 
in polymorphonuclear leukocytes (Moore et al ., 1976) and with th e 
membranes of secretory granules (Burridge and Phillips, 1975). 
case of lysosomes, short filaments between the organelles and 
In the 
microfilament bundles were reported. It was postulated but not proven, 
that such short filaments iepresent actin attachment sites. Actin 
filaments have also been shown to be associated with secretory granules 
from the anterior pituitary in vitro (Ostlund et al ., 1977). These 
associations could not be disrupted with metal ions, nucleotides, salts, 
dithiothreitol, or pretreatment of the granules with tryps in. These 
results suggest that the nature of the binding of actin filaments to 
secretory granule membranes is primarily lipophilic rather than being 
due to protein - protein interactions. 
The nature of binding of actin filaments to the membranes of 
organelles in Physarum is also uncertain. Preliminary experiments 
aimed at di ssociating actin from the membranes were unsuccessful. No 
major differences in the electrophoretic profiles of subcellular 
fractions could be detected after incubation with various actin-
dissociating solutions. One difficulty involved in such an approach 
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is the large proportion of actin present as G-actin in microplasmodia 
(Fig. 4.7). This may be <lifficuJt to remove or may polymerize readily 
when in close association with cytoplasmic membranes. Progress in this 
area therefore awaits further investigation . 
The role of actin filaments which are attached to cytoplasmic 
organelles is uncertain . It has been prososed, however, that the 
binding of actin filaments to the membranes of organelles may play a 
significant role in processes such as the secretion of hormones stored 
in membrane-surrounded vesicles or granules (Ost lund et al . , 1977) 
(see also Fig. 1.6). 
In a number of cell types, irregular organelle movements independ ent 
of the bulk movement of protoplasmic streaming have been observed 
(O'Brien and McCully, 1970; Allen, 1974). This type of movement is 
referred to as saltatory movement of particles. Observations of saltatory 
movement of organelles such as mitochondria and spherosomes have been 
made in various cell s . It has been suggested that organelle movement 
may be influenced by actin filaments to which th ey are attached . 
In petiolar hairs of Heraaleum mantegazzianum~ organelle movements 
occur along the axes of thin fibres which are thought to contain actin 
(O ' Brien and McCully, 1970) . Organelle movements in Chara also follow 
t he paths of fibres (Williamson, 1975). 
only in close proximity to the fibres. 
Moreover, this movement occurs 
In this instance, actin 
filaments are thought to interact with a myosin-like component which is 
attach d to the organelles . Although myosin has not been identified in 
t hese cells, an actin-myosin shearing mechanism is proposed as being 
respo nsible for tl1e movement of organelles (see section 1.5 . 2). This 
is s upported by the observation that the actin filam nts in NiteUa 
have th e same polarity with t he arrow-head complex facing opposite to 
the direction of streami ng (Kersey et al ., 1976). 
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Movement of organelles independent of the direction of protoplasmic 
streaming has also been observed in Physarwn (Gray and Alexopoulos, 
1968). The speed of the movement of the organelles is relatively 
constant and the paths are long compared with those due to Brownian 
movement . In addition, the direction of movement changes abruptly. 
This type of movement is difficult to explain in. terms of any general 
model of protoplasmic streaming . The observed attachments of fibrils 
to organelles in Physarwn suggests an analogous mechanism of movement 
to that proposed for saltatory movement of particles in other cells. 
While there have been few clear demonstrations of actin-organelle 
associations, observations of actin filaments attached to the plasma 
membrane have been more common (for review see Korn (1976)). Indeed, 
actin filaments have been associated with certain cellular processes 
which occur at the cell surface. These include formation of the 
cleavage furrow in cell division (Rappaport, 1975), endocytosis 
(Silverstein et al ., 1977)., and amQeboid movement (Taylor, 1976). 
Although the molecular mechanisms of these movements is unknown, it is 
thought that the actin filaments exert tension via attachment to the 
plasma membrane . Thus, the plasma membrane is seen as providing an 
anchorage for actin filaments analagous to the Z- lines in skeletal 
muscle cells . 
' 
Perhaps the most convincing demonstration of direct attachment of 
actin filaments to plasma membranes is in the brush border of 
intestinal epithelial cells . The brush border is composed of a highly 
ordered array of microvilli and each microvillus consists of a bundle 
of 20 - 30 actin filaments . The bundle is attached to the plasma 
membrane at t he tip of the microvillus by a dense plaque and is closely 
associated with the membrane all along its length by intermittent 
cross-bridges (Mooseker, 1976). By labelling with heavy meromyosin and 
examining electron microscopically, the polarity of the actin filaments 
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was determined . These observations indicated that all of the actin 
filaments had the same polarity, with the point of the arrow-head 
complex pointing away from the plasma membrane towards the cytoplasm. 
This is the same as the polarity of skeletal -muscle actin filaments with 
regard to the Z-line and is therefore evidence in favour of the sliding 
filament theory in the contractile activities of· microvilli of the 
intestinal brush border . 
Actin filaments have been shown to be associated with isolated 
plasma membranes. Pollard and Korn (1973) used heavy meromyosin binding 
to identify actin associated with plasma membranes from Acanthamoeba 
castellanii . In stereo pairs of e lectron micrographs, the ends of the 
filaments appeared to be physically continuous with the cytoplasmic 
surface of the plasma membrane. Actin has also been identified (by 
peptide mapping) in plasma membrane fractions isolated from 3T3 mouse 
fibroblasts and HeLa ce lls (Gruenstein et al., 1975) and in an 
uncharacterized membrane fraction derived from Dictyosteliwn 
discoidewn (Spudich, 1974). 
In a ll of these instances the actin filaments can be largely 
dissociated from the membrane under mild conditions known to 
depolymerize actin. It is thought, therefore, that the actin is simply 
attached to the cytoplasmic surface of the plasma membrane rather than 
being an integral membrane component . Various integral membrane proteins 
such as the LETS protein in fibroblasts (Brown et al ., 1976), spectrin 
in erythrocytes (Sheetz et al., 19 76) and ~-actinin in the intestinal 
brush border (Mooseker, 1976) have been proposed to act as actin-binding 
proteins. Actin filaments have also been shown to be capable of binding 
to purified lipids under physiological conditions (Sheetz and Hom, 1976). 
There is still no evidence, however, of specialized attachment sites 
in the membrane and the mechanisms of actin-membrane associations remain 
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uncertain. 
Another postulated role for cytoplasmic contractile proteins is to 
act as a cellular cytoskeleton (Brown et al ., 1976; Pollard, 1976b). 
Evidence for this hypothesis comes from the observation that actin 
filaments can form a rigid gel under conditions thought to exist within 
the cell (Kane, 1976; Po ll ard, 1976a). These filaments, in association 
with other proteins, form a stable, rigid, interconnected network. 
The networks formed in vitro are morphologically similar to those 
observed within the cytoplasmic matrix. 
A three-dimensional network of interconnected filaments attached 
peripherally to the plasma membrane has been demonstrated in cultured 
fibroblasts (Buckley, 1975) and Physarwn (present study). When 
fibroblasts are extracted with Triton X-100, the cells retain their 
original shape and remain attached to the substrate (Brown et al ., 1976). 
A fibrous cytoskeletal structure is responsible for the maintenance of 
cell shape. Electrophoretic analysis of the cytoskeleton revealed three 
major components with molecular weights of 42,000, 52,000 and 230,000 
daltons respectively. The 42,000 dalton component was identified as 
actin. This protein is the major component of the cytoskeleton. The 
second component (52,000 daltons) was ascribed to the subunits of 
intermediate filaments . These were also visible with the electron 
microscope in the cytoskeleton. The identity of the 23 0,000 dalton 
component is uncertain. However, it is thought that it may be related 
to the LETS protein of hamster fibroblasts. This protein is thought to 
play a role in the binding of actin filaments to the plasma membrane. 
Myosin was also identified as a minor component of the cytoskeleton. 
An analogy may be drawn between the cytoskeletal elements of 
fibroblasts and the interconnected network of filaments within plasmodia 
of Physarwn . An internal cytoskeleton could be especially significant 
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in plasmo<lial veins . The streaming endoplasm generates a significant 
pressure within the veins (Jahn et al., 1964). The complex 
intertwining network of filaments in the ectoplasm could therefore 
function in providing added turgor resistance in the vein . This 
function could therefore be performed by the same cytop lasmic components 
responsible for the generation of forces necessary for streaming, 
namely actin and myosin. 
CHAPTER 5 
GENERAL DISCUSSION AND CONCLUDING COMMENTS 
The results presented in this thesis have been discussed at length 
in the individua l chapters . In this chapter, therefore, only general 
comments will be made in an attempt to present an overall view and to 
outline possible avenues for future investigation. 
In the first instance, attempts were made to develop an experimental 
procedure for the isolation of plasma membranes in high yield and purity 
from microplasmodia of Physa:rwn. It was anticipated that an investigation 
of the properties of the plasma membrane in isolation could reveal 
information regarding the nature of plasma membrane-filament associations. 
By applying a plasma membrane isolation technique to macroplasmodia, 
it was also hoped that studies could be made of the possible involvement 
of the plasma membrane in mitotic synchronization following plasmodial 
fusion and of its role :in soma ticincompatability reactions which occur 
when incompatible plasmodia come into contact. 
An initial difficulty in attempts to develop an isolation procedure 
for the plasma membrane was the lack of any well-characterized marker 
for this membrane in Physa:rwn . This was overcome by covalently 
labelling the cell surface with radioactive iodide. When establishing 
optimal conditions for iodination, the importance of always including 
appropriate controls was realized. It was found that when optimal 
conditions were departed from, there was significant intracellular 
labelling. With optjmal conditions, however, the reaction was specific 
for the plasma membrane . 
A large number of different techniques were tested for suitability 
for isolating plasma membranes from Physarwn . It was found, however, 
t hat whichev r method was used, plasma membrane always appeared to 
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aggregate with other membranes and organelles. Thus, a suitable system 
for isolating and purifying plasma membranes from Physarwn could not 
be developed. 
An examination of material containing aggregated plasma membranes 
and other organelles, indicated that large amounts of filamentous 
material were present . Some of this resembled .slime while some 
resembled actin filaments. Moreover, both types appeared to be 
attached to the membrane sheets and vesicles in the preparation. It 
was proposed, therefore, that this filamentous material may play a role 
in coaggregating plasmodial components. 
Material which settled to the bottom of a tube when an homogenate 
was left standing for an hour or more at room temperature was also 
examined electron microscopically. Organelles were found to be closely 
associated with fibrils . In addition, the organelles often appeared 
to be damaged. From these observations, it appeared that homogenization 
and fractionation of microplasmodia of Physarwn may be hindered by 
the filamentous material which interconnects organelles and the plasma 
membrane. This is an aspect of the biochemistry of Physarwn which 
requires further investigation if procedures requiring subcellular 
fractionation are to be pursued. 
Because attempts to develop a suitable method for the isolation 
of plasma membranes from microplasmodia were unsuccessful, ultrastructural 
investigations of the plasma membrane in situ were initiated. The 
rapid reorganization of protoplasm from plasmodial veins was examined. 
Plasma membrane biogenesis in this "naked" protoplasm was found to occur 
by assembly of internalized membranes and their fusion at th e protoplasmic 
surface. Mark ed changes in the distribution of actin were also 
occurring during the reorganization . 
Observations of organelle membrane and plasma membrane associations 
with fibrils were also examined . It was clearly demonstrated that fibrils 
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were attached to these membranes. 
that the fibrils probably contain 
Preliminary experiments indicated 
bundles of actin filaments. This 
is an area about which little is known. Indeed, this is the first 
time that organelle membranes have been shown to be attached to fibrils 
in Physarwn . The precise nature of the membrane-fibril attachments 
remains to be investigated . Studies of this phenomenon could be 
instrumental in providing more information about the involvement of the 
plasma membrane in contractility phenomena . 
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